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Abstract
Currently, there is a great interest in panel absorber design where porous components are
excluded due to environmental and cleaning considerations. For such absorbers, the challenge
is to increase the natural, viscous losses to attain an acceptable absorption bandwidth. This
dissertation presents two new perforated panel absorber concepts, where the viscous energy
dissipation has been enhanced by the use of non-traditional design of the perforations.
The first concept is a perforated panel where the perforations has been shaped as small
horns. The inner part of the horns have dimensions comparable to microperforated panels.
The purpose of the design is to increase the surface area of the opening, increase the flow
velocity in the inner part of the horn, and offer a better impedance match to the incoming
wave. The concept has been investigated primarily by calculations using the Finite Difference
Method. The results indicate that a relatively large absorption bandwidth can be obtained for
a horn with wide outer radius and small inner radius.
The second concept is a double perforated panel, consisting of two parallel, perforated
plates separated by a small distance, typically 0.1 – 0   3mm. The main part of the energy dis-
sipation takes place in the small gap between the plates. Both perforated and slitted variants
have been investigated by simulations and experiments. For the slitted panel case, absorption
bandwidths equivalent to microperforated panels has been observed. The slitted variant can
also be designed to be adjustable, allowing the lateral distance between the slits in the two
plates to be varied. This offers two special features: The maximum absorption coefficient
can be adjusted from unity to almost zero, and the resonance frequency can be shifted. A
frequency shift of one octave at normal sound incidence has been obtained.
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Chapter 1
Introduction
The Helmholtz resonator principle is an old and very simple concept. Basically, it consists of
an air-filled cavity with a relatively small opening. It has been investigated for over 100 years,
most notably by von Helmholtz, Lord Rayleigh and Ingard [1953]. Helmholtz resonators are
in common use in sound absorbers where absorption at low frequencies is required [See e. g.
Lee and Swenson, 1992]. The most common implementations are as perforated panel ab-
sorbers placed a distance from a back wall, and as silencers in ducts. The required volume
of such distributed Helmholtz resonators is significantly smaller than for absorbers of porous
materials. Such a construction can have a large sound absorption coefficient at the resonance
frequency. However, the absorption bandwidth as usually very limited, due to the small inher-
ent energy dissipation. To compensate for this, the cavity behind the panel has traditionally
been partly or completely filled with porous material, or a resistive layer has been put near
the resonator openings [Ingard and Lyon, 1953; Ingard, 1954; Kristiansen and Vigran, 1994;
Mechel, 1994b]. For such configurations, the main functions of the perforated panel are to
add a mass reactance to the impedance and to protect the porous material.
Today, there is a trend toward a panel absorber and silencer design where porous materials
are excluded. This is primarily due to the environmental disadvantages of porous materials.
Porous materials of the fibrous type may release fibers into the air, and are not easily cleaned.
Additionally, porous materials may not be robust enough in physically or chemically rough
environments [Ackermann et al., 1988]. Consequently, several authors have investigated new
panel absorbers concepts. By clever design of the panels, the inherent viscous energy dissi-
pation at the surfaces may be increased compared to the traditional perforated panels.
The simplest of these designs are microperforated panels (MPP), which are perforated
panel with sub-millimeter perforations. The small perforations increases the viscous energy
dissipation, and hence the absorption bandwidth, significantly compared to traditional perfo-
rated panels [Maa, 1987, 1998; Fuchs et al., 1999]. The absorption bandwidth may be further
extended by combining several MPPs separated by a distance, as described by Zhang and Gu
[1998]; Kang et al. [1998]. The MPP concept is also the basis for commercial products
like MICROSORBER R

, where the “panels” are thin, perforated foils [Fuchs et al., 1999].
Another panel absorber concept without added porous materials is discussed by Frommhold
et al. [1994] and by Mechel [1994a]. It is a grid of Helmholtz resonators covered by a thin
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plate or a foil. The foil is separated from the resonators by a small air gap. The purpose
of these kind of absorbers is to increase the number of possible resonances, in addition to
the Helmholtz resonance. By optimal design, the flow in the thin gap may cause significant
energy dissipation. Mechel has also presented another concept, where the panel is laterally
divided in two. The small separation between the two parts introduces additional possible
resonances. A foil may also be put between the two parts of the panel to increase the flow in
the small gap between the two parts, and hence increase the energy dissipation.
As a continuation of the trend described above, this thesis presents my work on two
different perforated panel absorbers where the viscous energy dissipation has been enhanced
by the use of non-traditional designs of the panel openings.
Chapter 2 contains an introductory overview of the theory of Helmholtz resonators. This
includes theory for the calculation of resonance frequency and energy dissipation of res-
onators, as well as the impedance of resonator openings. The chapter also includes a short
review of relevant prior work on non-fibrous absorbers.
Chapter 3 presents the work with the microhorn concept. This is a microperforated panel
where the orifices are horn-shaped. The chapter presents three different models. One of these,
the Finite Difference Method, has been used to simulate several microhorns geometries where
the horn width, length and shape has been varied. The results of these simulations, and one
experiment on a microhorn panel sample, are presented.
Chapter 4 presents the work on the double panel concept. The chapter has four sections,
corresponding to the four different double panel concepts that has been tested experimentally.
Two different models are presented, one for double panels with circular perforations and the
other for double panels with slit-shaped openings.
Chapter 2
Helmholtz resonators
The Helmholtz resonator is an ancient and very simple concept. Yet, it has been the subject of
investigations for over 100 years, perhaps most notably by von Helmholtz, Lord Rayleigh and
Ingard [1953]. Those investigators contributed fundamental knowledge about the Helmholtz
resonator principle, some of which is recapitulated in what follows.
Helmholtz resonators are in common use in applications such as acoustic elements in
rooms and in duct silencers. They can take two principal forms: single resonators or dis-
tributed resonators. The perforated panels often used in rooms is an example of distributed
Helmholtz resonators. The geometries of Helmholtz resonators are very diverse, but they all
have two characteristic features in common: A cavity and a relatively small opening through
which the sound energy enters the cavity. In the case of the distributed Helmholtz resonator,
the cavity is shared by the resonator openings. For sufficiently large panels, each opening can
be associated with a cavity volume determined by the separation between the perforations. In
its various forms, the Helmholtz resonator has both advantages and disadvantages compared
to the commonly used porous or fibrous absorbers. By varying the volume of the cavity or
the size of the opening, the resonator can be tuned to absorb sound at a given frequency.
Thus, absorption in the low frequency range can be achieved without increasing the depth of
the absorber construction, as would be required for any porous absorbent. One obvious dis-
advantage of the Helmholtz resonator, compared to porous absorbers, is that the absorption
bandwidth is usually relatively small. This is because the resonator system in itself has low
energy dissipation. The low bandwidth has traditionally been compensated for by partly or
completely filling the cavity with porous material, or by covering the inner apertures by a
thin, resistive layer. The effect of this has been discussed to some extent in the literature [see
e. g. Ingard and Lyon, 1953; Ingard, 1954; Brouard et al., 1993; Mechel, 1994b; Kristiansen
and Vigran, 1994]. This will not be discussed further here.
For a limited frequency range, a Helmholtz resonator is analogous to a simple mechanical
damped resonator system. The resilience of the air in the cavity makes it similar to a spring.
The mass of the air in and around the orifice is equivalent to a mechanical mass. The value
of the “spring constant” and the mass is what mainly determines the resonance frequency,
as shown in the next section. The analogous mechanical resistance of the system is mainly
determined by viscous energy dissipation at the surfaces of the resonator (see Sec. 2.2).
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Figure 2.1: A Helmholtz resonator. The opening of the resonator is often referred to as
the neck. The cavity volume V , the neck length l and the cross-section area S of the neck
determine the resonance frequency of the resonator, by Eq. (2.11).
2.1 Resonance frequency
Due to the inherent small bandwidth of Helmholtz resonators, a small shift in resonance
frequency can result in a significant decrease in absorption coefficient at the target frequency.
The calculation of absorption frequency should therefore be as accurate as possible. Several
authors have investigated the frequency dependency of the geometry of Helmholtz resonators,
and have found that the geometry has a significant influence. For low values of the system
resistance, its effect on the resonance frequency can be ignored, as is done below.
2.1.1 Single Helmholtz resonator
The original resonator studied by von Helmholtz was a very simple one; A rigid cavity of
volume V , with small dimensions compared to the wavelength of the incident sound. The
cavity had a small circular orifice of radius r. When small dimensions are assumed, the
complex problem of how waves propagate in the cavity can be ignored. The resonator can
then be modeled as a mass-spring-resistance problem as described above. An alternative
is to model the resonator by a “lumped-circuit” electrical model, where sound pressure is
analogous to voltage and volume flow rate is analogous to current. Either way the resonance
frequency of von Helmholtz’ resonator is found to be [Morse and Ingard, 1968, Eq. 9.1.30]
f0 
c0
2pi

2r
V

c0
2pi

4S
VD 
(2.1)
where c0 is the velocity of sound in air, S is the cross-section area of the orifice and D is the
orifice perimeter. This equation can also be used for non-circular orifices of regular shape,
i. e. not very wide or long.
Equation (2.1) does not contain any reference to the length of the cavity opening. The res-
onance frequency of a cavity with an opening of length l, as shown in Fig. 2.1, can be devel-
oped using the mechanical mass-spring analogy mentioned above. The mechanical stiffness
of the air in the cavity, km, can be derived from the adiabatic, perfect gas equation applied
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on a cylindrical volume V , which is compressed an amount ∆V  S ∆x by sound pressure ∆P
applied to the resonator opening. It is assumed that the cavity walls are rigid.
PV γ  constant (2.2)
gives, by derivation,
∆PV γ 

γPV γ  1∆V

(2.3)
where P  P0 is the ambient pressure and γ  1   4 is the ratio of specific heats of air. Since
∆P  ∆F

S, we have
∆F
S


γP0
S ∆x
V
(2.4)
Therefore,
km 

∆F
∆x

γP0S2
V

ρ0c20S2
V 
(2.5)
where γP0  ρ0c20, and ρ0 is the density of air. This derivation assumes sound pressures small
compared to the ambient pressure, ∆P  P0, and adiabatic compression of the air [Morse and
Ingard, 1968, Ch. 6.1]. The mechanical mass of the air in the opening is equivalent to that of
a tube of cross-section area S and length l, and is given by
mm
 ρ0Sl (2.6)
The mechanical stiffness and mass of the resonator is related to acoustic capacitance and
inductance, respectively, by a factor S2. Thus, the capacitance
C  Vρ0c20 
(2.7)
and the inductance
L 
ρ0l
S
(2.8)
The resonator system is therefore equivalently described by a mechanical impedance
Zm  jωmm

km
jω  Rm  (2.9)
or by an acoustic impedance,
Z  jωL

1
jωC  R  (2.10)
where ω  2pi f . The calculation of the system resistance R  Rm

S2 may involve several
energy dissipation mechanisms, and is described further in Sec. 2.2. The resonance frequency
of the system is given by
f0 
ω0
2pi

1
2pi

km
mm

1
2pi
1

LC

c0
2pi

S
Vl (2.11)
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This equation is a coarse approximation, but can be used with reasonable accuracy on various
geometries as long as the dimensions are small compared to the wavelength.
The neck length l in Eq. (2.11) must in most cases be corrected with an added length. This
is because the flow of air through the neck affects the air close to the inner and outer apertures.
This nearby air will take part in the flow and thus contribute to the total resonator mass. For
holes with circular cross-section, Rayleigh proposed an end correction δ0 that should be
added to l in Eq. (2.11) [Ingard, 1953; Chanaud, 1994]. The proposed end correction,
δ0 
8r
3pi

8
3pi

S
pi 
(2.12)
corresponds to the inductive part of the radiation impedance of a circular, plane piston of
radius r in an infinite wall. The latter expression for δ0 can be used as an approximation for
other shapes of the resonator opening. Since this end correction corresponds to a single piston
flanged in an infinite wall, care must be taken if it is used for the inner aperture. For the same
reason, Eq. (2.12) may also be invalid for the outer aperture if there are other openings nearby.
In lack of a better alternative, Rayleigh used Eq. (2.12) for the inner and outer apertures. The
total end correction,
δtot  2δ0 
16r
3pi  (2.13)
is then added to l in Eq. (2.11). Thus
f0 
c0
2pi ﬀ
S
V 
 l

δtot 

c0
2pi
ﬀ
S
V

l

2δ0 
(2.14)
Ingard [1953] did an extensive survey on the topic of resonators, and presented expres-
sions for the inner end correction for some simple circular and rectangular geometries. As-
suming flat velocity profile in the resonator neck, he found expressions for the inner end
correction, shown in Fig. 2.2. For openings relative small compared to the resonator cavity
cross-section, the inner end correction can be approximated by
δi  δ0 
 1  1   25y   (2.15)
where y is the ratio of the dimensions of the opening and the cavity, and must be less than 0.4
for the approximation to be valid. According to Ingard, Eq. (2.15) is valid for three differ-
ent geometries: circular opening/cavity, square opening/cavity, and circular opening/square
cavity. Allard [1993, Eq. 10.18] gave another approximation for the latter geometry:
δi  δ0 
 1  1   14y   (2.16)
Note that in his book, Allard gave the correction as function of ε   S

A, where A is the
cavity cross-section area. This is probably an error, neglecting the factor

pi

2 relating ε to
y for this geometry. The agreement with curve 2 in Fig. 2.2 is very good for Eq. (2.16) as it
is written here. The difference between Eqs. (2.15) and (2.16) is probably negligible in most
cases. For small openings, δi approaches δ0, and in this case the latter can be used for the
inner aperture end correction for all the geometries.
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Figure 2.2: Ingard’s calculated inner mass end correction δi of various geometries as function
of opening to cavity dimension ratio y. 1, Circular opening and cavity; 2, circular opening
and square cavity; 3, square opening and cavity. Figure adapted from [Ingard, 1953, Fig. 3].
Panton and Miller [1975] showed that when the assumption of long wavelengths com-
pared to the resonator length was dismissed, the resonance frequency for a cylindrical Helm-
holtz resonator could be found by solving the transcendental equation
lA
BS
kB  cot 
 kB 

(2.17)
where B is the length of the cavity, and k  2pi
 λ is the wavenumber. A is assumed con-
stant through the cavity length. They showed that by using the two first terms in the series
expansion of cot 
 kB  , the resonance frequency was approximately given by
f0 
c0
2pi
ﬀ
S
V 
 l

δtot 

B2S
3

(2.18)
where V  AB, and δtot has been added to the neck length. The classic expression for the
resonance frequency, Eq. (2.14), is similarly found by using only the first term in the series
expansion of the cotangent. The classic expression was shown to be accurate only for cavity
lengths B ﬁ piλ  16. Panton and Miller also noted that Eq. (2.14) conforms less with exper-
imental data when Ingard’s end correction for the inner aperture is used, i. e. δtot  δ0  δi,
than if the classical end correction is used, δtot  2δ0. On the other hand, Ingard’s end cor-
rection gives the best correspondence with measurements when used with Eq. (2.18). They
explained this by the fact that the correction terms in Eqs. (2.15) and (2.18) are in opposite
directions.
Chanaud [1994, 1997] investigated the effect of extremes in cavity geometry (deep or
shallow), and of the shape, dimension and placement of the opening. A transcendental equa-
tion for the resonance frequency, and expressions for the inner end corrections, were also
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Figure 2.3: Calculated resonance frequency as a function of cavity depth, for a Helmholtz
resonator with a square-faced cavity of constant volume 1000 cm3 and a circular opening
of radius 2cm and length 0   5cm. ﬂﬂﬃﬂ , Rayleigh equation Eq. (2.14); - - -, transcendental
equation Eq. (2.17) with l  l

2δ0; —, Chanaud’s analysis. Note that in the figure, d is the
cavity length B, and a is the cavity width. Figure from [Chanaud, 1994, Fig. 5].
presented for parallelepipedic and cylindrical cavities. Chanaud assumed no internal resis-
tance in the cavity, a flat velocity profile in the resonator opening, and long wavelengths
relative to the dimensions of the opening. The main results were:
– The resonance frequency calculated from the Rayleigh equation, Eq. (2.14), deviates
significantly from the one predicted by Chanaud except for cubic cavities, as illustrated
in Fig. 2.3.
– Panton and Miller’s transcendental Eq. (2.17), with l substituted by l

2δ0, corre-
sponds with Chanaud’s equations for deep cavities, but not for wide cavities. This is
also shown in Fig. 2.3.
– Variation in the opening position gives the greatest deviation of the Rayleigh equation
relative to Chanaud’s equations.
– Variation of the opening shape gives no significant deviation between the equations.
Chanaud [1997] also noted that Ingard’s inner end correction, Eq. (2.15), deviated from the
end correction found by Chanaud for y outside the interval 0.22 – 0.52. It is not stated, but
seems clear that constant cavity volume has been assumed for this comparison. For wide
openings, Ingard let y  0   4 be the upper limit of validity, but indicated no lower limit on y
for wide and shallow cavities. Other studies have analytically and numerically confirmed the
significance of the shape (i. e. length to width ratio) of the resonator volume in determining
the resonator frequency [see e. g. Selamet et al., 1995, 1997; Dickey and Selamet, 1996].
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Figure 2.4: A perforated panel. This is an example of distributed Helmholtz resonators. Each
panel opening with cross-section area S has an associated cavity volume Ad. The resonator
neck length l equals the thickness of the panel.
2.1.2 Distributed Helmholtz resonators
The resonance frequency of distributed resonators, as shown in Fig. 2.4, can be calculated
by Eq. (2.14) if the panel openings can be considered independent. This is the case when
the opening cross-section area S is considerably smaller than the cavity cross-section area
A associated with each opening [Morse and Ingard, 1968, Ch. 9.1]. When this is the case,
Eq. (2.14) can be rewritten as
f0 
c0
2pi ﬀ
Φ
d 
 l

δtot  
(2.19)
where Φ  S

A is the panel perforation. The panel is assumed to be placed a distance d in
front of a rigid wall.
Equation (2.19) can also be used for slitted panels. Assuming unit length slits, Eqs. (2.7)
and (2.8) are written as
Cs 
bd
ρ0c20
(2.20)
and
Ls 
ρ0l
w 
(2.21)
where w is the width of the slits and b is the center-center distance between the slits. The
perforation in Eq. (2.19) is then Φs  w

b. Of course, the end correction in Eq. (2.13) cannot
be used in this case. Smiths and Kosten [1951] have studied panel absorbers with infinitely
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long slits. Based on two different velocity profiles (constant velocity and constant pressure)
which represents the upper and lower limits on the end correction, they have developed the
formula
δs 	 tot 

2w
pi
ln  sin  
piw
2b !#" (2.22)
for the total inductive end correction in the constant pressure case. For small values of b

d,
the end correction in the constant velocity case differs insignificantly from the value of δs 	 tot
above. Equation (2.22) was developed assuming b ﬁ λ  2 and 2pid  b $ 2. For f  500 Hz,
these requirements equals b ﬁ 34cm and d $ 10cm, which are usually not hard to satisfy.
2.2 Energy dissipation
The Helmholtz resonator is both an absorber and a scatterer. For distributed Helmholtz res-
onators, the absorption cross-section at resonance is determined by the ratio of the system
resistance θi to the outer aperture radiation resistance θr, and is given by [Ingard, 1953]
τ 
λ 20
2pi
4θi

θr

1

θi

θr

2  (2.23)
where λ0 is the resonance wavelength. The absorption cross-section has a maximum 12pi λ 20
when θi  θr. The corresponding absorption bandwidth is usually very small. If θi is in-
creased by the addition of some porous material or by special design of the opening, then
the absorption bandwidth increases at the cost of a decrease in the absorption cross-section
area [see e. g. Cremer and Müller, 1978a, pp. 195-197]. For most geometries, θr is usually
negligible compared to the θi [Ingard and Ising, 1967; Melling, 1973].
Thus, for cases of practical interest, the bandwidth is determined by the system resistance,
and it is therefore important to predict this with reasonable accuracy. The system resistance is
determined by considering the energy dissipation in the resonator system. The exact mecha-
nisms involved in the energy dissipation in fluids are quite complex [Morse and Ingard, 1968,
Ch. 6.4], and include:
– Fluid internal energy dissipation by
% thermal conductivity
% fluid viscosity
% molecular energy equipartition
– Surface energy dissipation by
% thermal conductivity
% viscosity
For the cases discussed in this work, energy dissipation in relatively small enclosures, the
fluid internal energy loss is negligible compared to energy loss at surfaces.
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Figure 2.5: Thermal and viscous boundary layer thicknesses dh and dv at a surface. Thermal
and viscous energy dissipation at a surface occur mainly inside these layers. The thermal
energy loss, Eq. (2.26), depends on the pressure psf at the surface. The viscous energy loss,
Eq. (2.27), is dependent on the tangential particle velocity u at the outside of the viscous
boundary layer. The particle velocity u is zero at the surface.
2.2.1 Thermal and viscous resistance at a surface
The surface energy dissipations take place in (usually thin) layers close to the surfaces. The
widths of these layers, as given by Morse and Ingard [1968, Ch. 6.4] are
dh

ﬀ
2κ
ρ0ωCP &
2   4mm
 f 'Hz (  (2.24)
for thermal losses, and
dv 
ﬀ
2µ
ρ0ω &
2   2mm
 f 'Hz (  (2.25)
for viscous losses. Here µ is the coefficient of viscosity of air, κ is the thermal conductiv-
ity of air, and CP is the heat capacity of air at constant pressure. At 100 Hz, dh and dv are
approximately 0.24 and 0   22mm, respectively. The values of dh and dv represent the mini-
mum distance from a surface where thermal and viscous modes can be considered negligible
compared to the propagational mode.
The thermal energy dissipation per unit surface area is proportional to the squared pres-
sure at the surface:
Ph
&
γ

1
2ρ0c20
ωdh )
)
psf )
)
2

(2.26)
where psf is the sound pressure at the surface. See Fig. 2.5. The surface is assumed to have
high thermal conductivity compared to that of air, so the compressibility is isothermal at the
surface. The viscous energy dissipation per unit surface area is proportional to the square of
u, the velocity component tangential to the surface just outside the viscous boundary layer:
Pv
&
1
2
ρ0ωdv * u *
2 (2.27)
It is assumed that the wavelength λ is much greater than dh and dv, and that the surface is
infinite and plane. The energy loss at a surface can also be expressed as acoustic resistances.
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By the electrical analogy, the thermal resistance of a surface ∆S, over which the pressure p is
assumed constant, is
Rh
,+
γ

1
ρ0c20
ωdh∆S -
 1

(2.28)
and the viscous resistance of a surface ∆S is
Rv 
1
U2
ρ0ωdv * u *
2 ∆S  1
U2
 2µρ0ω * u *
2 ∆S

(2.29)
where U is the volume flow rate by the surface. For most applications, thermal energy loss is
negligible compared to viscous loss [Ingard, 1953; Stinson and Shaw, 1985]. The equivalent
electrical circuit has a large thermal resistance in parallel with a smaller viscous resistance.
The total resistance is mainly determined by the latter.
2.2.2 Viscous resistance in resonator neck
In Helmholtz resonators, the main part of the energy dissipation takes place near and inside
the necks, where the velocity is highest. The amount of energy dissipation depends on the
velocity profile in and around the resonator neck. Because this velocity profile can be difficult
or impossible to calculate analytically even for quite “normal” geometries, the prediction of
dissipation is not trivial. Under the assumption of large radius of curvature compared to the
viscous boundary layer thickness (i. e. no sharp edges) and uniform flow in the neck, Ingard
[1953] found analytically that the combined acoustic resistance of a circular hole of radius r
and the panel surfaces was given by
R 
1
pir2
 2µρ0ω
1
r

 l

r  (2.30)
The latter r in the parentheses represents the energy dissipation at the panel surfaces, and can
be considered to be the total resistive end correction to the neck length l. Ingard’s experimen-
tal results indicated that the end correction should rather be 2r instead of r, thus
R 
1
pir2

2µρ0ω
1
r

 l

2r  (2.31)
This was of course due to the fact that the velocity flow is not uniform, and sharp edges
exist. Therefore high viscous energy dissipation takes place near the sharp edges. Ingard
confirmed the validity of Eq. (2.31) for a number of samples with openings large compared
to the boundary layer. From the above equation, the resistive end correction is
Rend

2
pir2

2µρ0ω 
2
pir2
ρ0ωdv (2.32)
An expression for the slitted panel case may also be obtained [Kristiansen and Vigran, 1994].
Written as acoustic resistance, and assuming unit length slits of width w, it is completely
analogous to Eq. (2.31):
Rs 
1
w

2µρ0ω
1
w

 l

2w  (2.33)
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2.3 Impedance of cylindrical and slit-shaped openings
2.3.1 Linear domain, independent perforations
Ingard’s expressions for R are based on the resistance of flow over an infinite, plane surface,
Eq. (2.29). It assumes that the tangential velocity u is calculated from the wave equation,
neglecting the effect of viscosity. When the dimension of the opening is comparable to the
thickness of the boundary layers, the preceding equations are no longer valid. Viscous (and
sometimes thermal) effects must then be incorporated into the equation of motion.
Assuming that the gas is incompressible (∇ ﬂ u  0), the linearized Navier-Stokes can be
written as

∇p  jωρ0u  µ∇2u (2.34)
For simple geometries this equation can be used to find an effective, complex density, ρeff.
The imaginary part of this density is related to the viscous energy loss. A summary of the
derivation, for the two geometries circular-cylindrical tube and infinite slit, is presented by
Allard [1993, Ch. 4]. The procedure is based on original work by Kirchoff and later simpli-
fications by Zwikker and Kosten [1949, Ch. 2]. Stinson [1991] validated the simplifications
for opening radii r in the very wide range 10  5 m ﬁ r ﬁ f  3 . 2 ﬂ 104 ms  3 . 2. For axial flow in
z-direction in a circular, cylindrical tube, Newton’s equation can be written as

∂ p
∂ z
 jωρeff v¯

(2.35)
where v¯ is the average velocity over the tube cross-section. Then the specific impedance of a
circular tube can be approximated by [see e. g. Maa, 1987; Allard, 1993]
z
&
∆p
v¯
 jωρeffl  jωρ0l / 1 
2
x


j
J1

x


j

J0

x


j
10
 1
(2.36)
Here ∆p is the pressure drop across the tube of length l, Ji is Bessel’s function of first kind
and ith order, and
x  r

ωρ0
µ


2 rdv
(2.37)
The parameter x is proportional to the ratio of tube radius and viscous boundary layer thick-
ness. This very important parameter has in the literature been termed shear wave number,
acoustic Reynolds’ number and perforate constant [Zwikker and Kosten, 1949; Maa, 1998].
Just like the Reynolds’ number, x indicates the importance of inertia forces compared to vis-
cous forces. With the effective density of a slit-shaped opening [Allard, 1993, Eq. 4.23], the
equivalent of Eq. (2.36) for slits is
zs
&
jωρs 	 effl  jωρ0l / 1 
tanh

xs
 j

xs
 j
0
 1
(2.38)
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Here the parameter xs is given by
xs

w
2

ωρ0
µ (2.39)
It should be noted that Eqs. (2.36) and (2.38) are the impedance of the tube or slit only, and
does not include inductive or resistive end corrections.
Craggs and Hildebrandt [1984] used the Finite Element Method (FEM) to solve Navier-
Stokes equation, Eq. (2.34) for one-directional sound propagation in tubes of various shapes.
In this case only the axial velocity component needs to be considered:

∂ p
∂ z
 jωρ0v  µ +
∂ 2v
∂x2 
∂ 2v
∂y2 - (2.40)
The pressure was assumed to be a function of z only, while the velocity v was assumed to be
independent of z. Equation (2.40) was solved for some simple cross-section shapes, e. g. slit,
rectangle, circle and triangle. The authors stated that the value of the perforation constant
x, Eq. (2.37), determine how waves propagate in the tube. For low values of x, i. e. x ﬁ 2,
the flow is dominated by viscous effects, this is termed Poiseuille flow. For high x
&
10
and above, inertia forces dominate. This is termed Helmholtz conditions. The numerical
results confirms this separation into different flow regimes. Poiseuille flow has a parabolic
velocity profile. For high x, the velocity profile has a low, flat part at the center of the tube,
and high peaks near the edge. This applies to circular as well as rectangular and triangular
cross-section shapes. With the velocity v¯ averaged over the tube cross-section, Craggs and
Hildebrandt wrote Newton’s equation in the form

∂ p
∂ z
 jωρev¯

σev¯ (2.41)
Note that the effective density ρe and the effective flow resistivity σe are real quantities, as
opposed to the complex ρeff in Eq. (2.35) above. Craggs and Hildebrandt presented calcu-
lations of the dimensionless variables ρe

ρ0 and σer¯2

µ as functions of x. The hydraulic
radius r¯, defined as twice the cross-section area divided by the perimeter, is used in the defi-
nition of x. The density ratio was shown to decrease with increasing x, from values 1.2 (slit),
1.33 (circle) and 1.44 (triangle) at x  0, to a common value 1.15 for all cross-section shapes
when x $ 10. The resistivity ratio was found to be constant for small x, with extreme values
6.5 (triangle) and 12 (slit). For large x, the resistivity ratio is proportional to x [Craggs and
Hildebrandt, 1986].
2.3.2 Effect of nonlinearity at high sound pressure levels
The geometries to be presented in Chs. 3 and 4 are relatively complex, and nonlinear effects
have not been included in the models described in these chapters. However, it should be noted
how nonlinearity affects the impedance of a perforated panel absorber. The nonlinear terms,
which have been discarded in the basic equations above, become significant when the driving
sound pressure reaches a certain value. The exact value is dependent on the geometry. For
a typical microperforated panels, nonlinearity becomes significant for sound pressure levels
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above 120 dB, corresponding to a particle velocity 2   5m

s in the perforations [Maa, 1987].
Ingard [1953] and Ingard and Ising [1967] reported measurements on nonlinear resistance
and reactance of circular openings. The results of the latter authors indicate that the nonlinear
effects becomes significant for particle velocities around 5m

s. These, and many other results
and theories were reviewed by Melling [1973]. Some of the results are presented here.
The most important observation is that, for particle velocity v above some threshold
level, the sound pressure in the opening is proportional to the squared velocity, p ∝ ρ0v2
(Bernoulli’s equation). The opening resistance at high sound pressure level is then, according
to Ingard and Ising [1967],
Rnl
&
ρ0v  (2.42)
and is independent of frequency for frequencies where the absolute value of the reactance
is less than Rnl. For high sound pressure levels, the nonlinear resistance given above is the
dominating part of the system resistance, and the viscous losses in and near the opening can
be neglected. The experiments of Ingard [1953] indicated a dependency of v1 2 7 instead of v,
while Melling [1973] from an analytical approach derived the nonlinear resistance
Rnl
&
4ρ0
3pi v  (2.43)
i. e. with a coefficient roughly half of the one used in Eq. (2.42).
The nonlinear reactance of the opening seems to be difficult to determine. It has been
found to decrease when the sound pressure level increases. Ingard [1953] and Ingard and
Ising [1967] reported the decrease to be 5  8 and 1  2 of the linear value, ρ0ω 
 l  δtot  , with
δtot given by Eq. (2.13). The decrease is caused by the formation of turbulence at the “out-
flow” aperture of the opening. The kinetic energy in the turbulent flow does not contribute
to the reactance, and is dissipated. According to Ingard [1953], the decrease in reactance is
related to the increase in resistance as described above.
2.3.3 Effect of interaction between perforations
The models presented in the preceding sections, with two exceptions (the end corrections
in Eq. (2.15) and Eq. (2.22)), assumes that there is only one Helmholtz resonator opening,
or, equivalently, that the area S of the openings of a perforated panel is very much larger
than cavity cross-section area A associated with each opening. For some geometries, this
assumption may not be valid. In these cases, the airflow through the openings are perturbated
by the airflow of the neighboring openings. Melling [1973] summarized the effects as follows.
The reactive end correction is larger, by a factor of

2, for two separate holes than for
one hole with area equal to the sum of the two separate holes. The reactive and resistive end
corrections decrease when perforations are placed closer to each other. Fig. 2.6 shows a phys-
ical picture of the situation. With reference to calculations by V. A. Fok [see e. g. Rschevkin,
1963, Ch. VII] for a circular opening in a circular tube, Melling presented a function
ψFok 
 ε  

1

a1ε  a2ε
2

ﬂﬂﬂ

 1 (2.44)
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Figure 2.6: The effect of interaction on the resistive and reactive end corrections. a) Two
holes placed close to each other have a common attached mass. The attached mass per hole
is less than for a single hole. b) Two holes placed close to each other have airflow in phase.
The shear region is reduced or lost. Figure from [Melling, 1973, Fig. 5].
The first polynomial coefficients are:
a1


1   4092

a2
 0

a3
 0   33818

a4
 0

a5
 0   06793

a6


0   02287

a7
 0   03015

a8


0   01641
(2.45)
According to Rschevkin, ψFok can be used to correct the (reactive) end corrections of an
opening in a partition in a tube when the opening area S is not very small compared to the
cavity cross-section area A. Fok’s function is unity for ε   S

A  0, i. e. for a small hole
or an infinite partition. The function increases sharply when ε increases. The function ψFok
is used by Melling to correct the total end correction for the case of several interacting holes
2.3 Impedance of cylindrical and slit-shaped openings 17
0 0.2 0.4 0.6 0.8 1
0
0.2
0.4
0.6
0.8
1
y = 2r/b
2δ
 
/ S
0.
5  
Figure 2.7: Comparison of two correction factors for the classic end correction δ0. Total
corrected end correction as function of y  2r  b, where r is the perforation radius and b
is the distance between perforations. , Correction by Ingard, δ  δ0 
 1  1   25y 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. Compare Melling’s curve with Fig. 2.2.
in a panel with perforation Φ (compare with Eq. (2.36)):
Z 
jωρ0
pir2Φ 3
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
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
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(2.46)
Note that Melling used two different values for the viscosity; one for air near a thermally con-
ducting surface (used inside the opening), and one for a non-thermally conducting medium
(used for the end correction). For simplicity, the latter viscosity is used in Eq. (2.46) for both
cases. Also note that the total (reactive) end correction length from Eq. (2.13), 2δ0
&
1   7r,
is here used as a correction for both the reactive and the resistive part of the impedance. The
difference between this and Ingard’s value 2r in Eq. (2.31) seems to be insignificant.
It is quite interesting to note that, although not stated by Melling, the result of applying
ψFok 
 ε  as a correction due to hole interaction, as done above, is practically equivalent to
using Ingard’s inner end correction, Eq. (2.15) for both apertures of the holes in a perforated
panel. With ε written as a function of y  2r

b, where b is the perforation distance,
ε  y

pi
2 
(2.47)
the two corrections can be compared, as is done is Fig. 2.7. The similarity of Fok’s function
and Ingard’s calculations of δi is also evident in the book by Rschevkin [1963].
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The above summary is valid for circular openings. The total reactive end correction for
slits, δs 	 tot in Eq. (2.22), explicitly includes the slit distance b, and accounts for the interac-
tion between the slits. As noted by Smiths and Kosten [1951]: “  ﬃ   the domain of appreciable
kinetic energy is certainly not negligible in comparison with the wavelength”. The end cor-
rection δs 	 tot decreases when b decreases, as it should according to the discussion above.
2.4 Developments in panel absorber geometries
It was mentioned earlier that porous materials or resistive layers have traditionally been added
to Helmholtz resonators to increase the absorption bandwidth. Another approach is to couple
more resonators in series, so that the outer neck aperture of the second resonator is in the
back wall of the first resonator cavity, and so on. The “cost” of this solution is an increased
total depth. In an effort to reduce the volume and the need for extra materials, various alter-
native geometries have been proposed, all of which try to exploit the inherent viscous losses
optimally. Two categories are presented in this section. The first is the use of non-traditional
shape and size of the opening and cavity of the resonator. The second is the combination (and
interaction) of Helmholtz resonance with the resonances of plates or foils. The first category
includes the concepts to be discussed in Chs. 3 and 4.
2.4.1 Non-traditional aperture geometries
Many authors have investigated the effect of alternative shapes and sizes of the resonator
neck and cavities. Variations in cavity shape may have significant influence on the resonance
frequency, as discussed in Sec. 2.1, but may also give high energy losses in some special
cases. An example of the latter is the “prefractal” cavities discussed in an article by Sapoval
et al. [1997]. On the other hand, variations in neck shape and size may have a significant
effect on both resonance frequency and absorption bandwidth.
Helmholtz resonators with slotted neck plates
In light of the work to be presented in Ch. 4, the most interesting non-traditional geometry
is the one presented by Mechel [1994c]. It is a laterally slotted, distributed Helmholtz res-
onator, which consists of two plates with slit-shaped perforations, placed in front of a hard
wall. See Fig. 2.8. The plates are separated by a small distance, a slot. In contrast to the
concepts discussed in detail in Ch. 4, the perforations in the front plate are placed directly in
front of the rear plate perforations. The lateral “side branches” of the neck add an additional
impedance to the system. Because the slot is usually thin, the added impedance is mainly
capacitive in the frequency range of interest. Mechel observed that this added capacitance
shifted the Helmholtz resonance to higher frequency relative to an ordinary Helmholtz res-
onator without the slot. He also identified two extra resonances, in addition to this shifted
Helmholtz resonance, and the λ  4-resonance of the back cavity:
– The mass-spring-mass resonance of the masses in the necks and the spring of the slot
– The spring-mass-spring resonance of the springs in the slot and back cavity and the
mass of the inner neck.
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Figure 2.8: Helmholtz resonators with slotted neck plates. The two variants are approxi-
mately equivalent versions. Figure adapted from [Mechel, 1994c, Fig. 1].
Because the slot has a high impedance compared to the neck, it is only weakly excited. To
increase the driving-field impedance, Mechel suggested that a freely floating, limp, resistive
foil could be put into the slot. This will have two effects: Firstly, it will increase the overall
system resistance. Secondly, it will increase the impedance in the neck to a level comparable
to the slot impedance, so that the flow in the slot increases. Both effects will increase the
energy dissipation, and therefore the absorption bandwidth. The added mass reduces the
resonance frequency. Mechel also noted that oblique sound incidence, or an asymmetric
partitioning of the slot, result in a splitting of the first of the extra resonances listed above.
The split resonances are close to each other, so the effect is a broadening of the resonance.
Microperforated panels
Microperforated panels (MPPs) are increasingly used for reverberation control. It is also
the basis for the concept discussed in Ch. 3. As the name implies, MPPs are panels of
arbitrary material with perforations of very small dimensions. The perforation diameter is
typically less than a millimeter, except for very low frequency absorbers (Lee and Swenson
[1992] used 20mm thick panels with perforations of diameter 2mm for absorption around
50 – 60Hz). Perforations of small radius, approaching the viscous boundary layer thickness,
have velocity profiles quite different from those of “normal” perforations, as described by
Craggs and Hildebrandt [1984] (see page 14). This reduced radius significantly increases the
viscous energy losses in the perforations [Morse and Ingard, 1968, Ch. 6.4].
Based on Crandall’s simplifications of Eq. (2.36) for high and low values of x,
z A@
8µl
r2 
j 43 ωρ0l if x ﬁ 1

2ρ0µω lr  jωρ0l  1  1r B 2µρ0ω
!
if x $ 10

(2.48)
Maa [1987] has developed an expression for the impedance of the openings for intermediate
values of x (The value of x is 2.3 for f  200 Hz and perforation diameter 2r  0   5mm). By
adding the classic inductive end correction, Eq. (2.13) and Ingard’s resistive end correction,
Eq. (2.32), Maa obtained an expression for the specific, relative resistance and inductance of
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the panel:
ζ  z
zaΦ
 θ

jωχ

(2.49)
where za  ρ0c0 is the characteristic impedance of air, Φ is the panel perforation percentage,
and the relative resistance θ and inductance χ is given by
θ C+ 8µ l
Φρ0c0r2
-ED

1

x2
32 

2xr
4l F (2.50)
and
ωχ C+ ω l
Φc
-HGI 1

1
B
9

1
2 x
2

16r
3pi JK (2.51)
Note that Maa’s equation for θ had an error. Equation (2.50) is equivalent to an expres-
sion given in a later paper by Fuchs and Zha [1995]. Also note that Ingard’s resistive end
correction is used in Eq. (2.50), despite the fact that it was only experimentally validated
for relatively large openings [Ingard, 1953], i. e. for Helmholtz conditions, x $ 10. Melling
[1973] argued that Ingard’s end correction should generally be valid, also for x ﬁ 1. This is
because the opening length l is an independent variable both in the general expression for the
impedance, Eq. (2.36), and in the Crandall’s approximate expressions, Eq. (2.48). Maa did
not include any correction of the end corrections due to hole interaction. For typical dimen-
sions of MPPs, e. g. 2r  0   5mm and b  5mm, the value of ψFok is 1.14, thus the effect of
hole interaction need not be included.
The ideal absorber has θ  1 (specific resistance of opening equals characteristic resis-
tance of air) and θ  ωχ L 1 (small inductance of opening) [Maa, 1987]. The resistance to
reactance ratio increases for smaller r and f . Although there is a lower practical limit on r,
restricting the size of this ratio, microperforated panels can achieve a relatively high absorp-
tion bandwidth, typically two octaves. In a later paper, Maa [1998] showed that for x less
than about 1, the bandwidth is mainly determined by θ , and is practically independent of x.
See Fig. 2.9. Larger values of θ gives high bandwidth. For large x, the opposite is true; the
bandwidth decreases when θ increases. The maximum absorption coefficient, α0, is given
by the relative resistance as
α0

4θ

 1

θ  2
(2.52)
The MPPs have also been combined in multiple layer configurations. Each segment,
consisting of one MPP and an air layer, is equivalent to an electrical circuit segment consisting
of a resistance, an inductance, and a parallel capacitance [Kang et al., 1998]. Although an
increase in the total depth of the panel absorber is inevitable, optimal configurations will
broaden the absorption bandwidth significantly compared to a single layer. Zhang and Gu
[1998] showed that the resonance and anti-resonance frequencies of a two-layer MPP did
2.4 Developments in panel absorber geometries 21
Figure 2.9: Half-absorption bandwidth of MPP as a function of perforate constant x for
several values of the relative, specific resistance θ , as calculated by Maa. Figure adapted
from [Maa, 1998, Fig. 4].
not change significantly when the resistance of rear layer was assumed zero. Based on this
assumption, an analytical expression for the resonance frequencies was developed, and was
shown to agree with experimental results.
If the MPPs are thin, plate vibration may influence the absorption characteristics [see
e. g. Ke et al., 1998; Zhou et al., 1998]. The effect of the plate vibration is equivalent to
adding an impedance in parallel to the resistance and inductance of the perforation [Kang
et al., 1998]. This impedance consists of an inductance, given by the surface density of the
plate, and a resistance, given by the energy losses caused by the vibration. The vibration
of MPPs is driven by the pressure difference over the plate. Tanaka and Takahashi [1999]
showed that for large perforations, the vibrations have little influence. On the other hand,
small perforations gives high flow resistivity in the holes and large pressure difference across
the plate. This significantly influences the MPP absorption. The absorption peak is shifted
to lower frequency for increased mass density of the plate. Zhou et al. [1998] noted that
vibration modes with frequencies below the Helmholtz resonance of the absorber have little
influence on the absorption characteristics. On the other hand, higher vibration modes may
or may not have their frequencies shifted to higher frequencies, depending on whether the
impedance of the plate is comparable to the impedance of the perforations or if it is much
smaller than the perforation impedance.
In addition to metal, the microperforated panels may also be made of other materials. A
recent development is the MICROSORBER R

concept, which is a transparent, thin (approx.
0   1mm), microperforated foil made of plastics like polyethylene or polyester. The perforation
radii can be as small as 0   2mm. Multiple foils can be combined to increase the absorption
bandwidth. Figures 2.10 and 2.11 shows measurement and simulations of absorber consisting
of one and two layers of such thin foils, respectively.
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Figure 2.10: Calculated and measured (in reverberation chamber) absorption coefficient of
microperforated foil, 0   1mm thick, and with perforations of diameter 0   2mm and with 2mm
separation. The distance to the back wall is 100 mm. Figure from [Fuchs et al., 1999, Bild 4].
Figure 2.11: Calculated and measured (in reverberation chamber) absorption coefficient of
a two-layer microperforated foil. All foil parameters are as in Fig. 2.10. Front foil placed
30mm in front of rear foil. Figure adapted from [Fuchs et al., 1999, Bild 5].
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Figure 2.12: Geometry of absorber concept described by Frommhold et al. [1994] and Ack-
ermann et al. [1988]. Helmholtz resonators covered by protecting plate. 1, Frame; 2, cavity
walls; 3, flexible, perforated plate; 4, cover plate; 5, support plate. Figure from [Frommhold
et al., 1994, Fig. 1].
2.4.2 Helmholtz resonators covered by plates or foils
Several authors have investigated the characteristics of traditional Helmholtz resonators cov-
ered by foils or plates. This has two implications: Firstly, additional resonances are added
to the system, and may interact with the Helmholtz resonance. Secondly, the smooth front
surface may function as a protection in harsh environments, which is often desirable.
Ackermann et al. [1988] presented an absorber suited for rough environments, e. g. as a
silencer. The absorber consists of several Helmholtz resonators with a flexible, perforated
plate as top cover, which in turn is covered and sealed by a smooth, protecting “membrane”.
Mechel pointed out later that the correct term should be foil, because there is no tensile
stresses involved [Mechel, 1994a]. The cover plates are also so thin that bending stiffness
can be included in an effective mass density of a limp foil, for frequencies below the critical
frequency of the plates. Figure 2.12 shows the absorber concept. The outer cover plate may
be separated from the perforated plate with a thin foam ring. The inner and outer cover plates
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Figure 2.13: Helmholtz resonator covered by a limp foil (the foil is shown dotted). Mechel’s
article discusses asymmetrical air gaps between the foil and the slitted resonator neck plate,
therefore the widths of the gaps need not be equal. Figure adapted from [Mechel, 1994a,
Fig. 1].
are typically a few tenths of a millimeter thick, while the openings of the Helmholtz resonator
are in the order of one or two centimeters. The number of different dimensions and material
parameters, results in a relatively complicated absorber.
A detailed examination of the absorber was presented later by Frommhold et al. [1994].
The absorber concept cannot be described by simple lumped elements because of the inter-
action between the involved mechanisms. Frommhold et al. identified two main absorption
peaks. The first is due to the ordinary Helmholtz resonance of the cavities covered with the
perforated plate. This resonance frequency is shifted to lower frequencies when the mass of
the outer cover plate is added. The second peak is related to the main resonance of the perfo-
rated plate. The cover plate is shown to be essential for the quality of the absorber. The cover
rises the maximum absorption of the plate resonance from 0.5 to about 0.8. Frommhold et al.
proposed several explanations for the effect of the cover plate: Firstly, viscous losses in the
thin air layer between the cover plate and the perforated plate are introduced. Secondly, en-
ergy may dissipate in the foam support. Thirdly, viscous losses at the edge of the perforations
increase because the perforations cannot radiate into open half-space; the vibrating air has to
enter the small gap between the plates. The latter effect is frequency dependent, because the
relative velocity of the air and the plate has a maximum at resonance frequencies.
Mechel [1994a] investigated a comparable concept by a thorough analysis; a slitted panel
absorber covered by a limp foil, as shown in Fig. 2.13. His conclusion is that the foil covered
resonators are inferior to the slotted neck plates discussed in Sec. 2.4.1, despite the advantage
of a smooth outer surface. Among the disadvantages listed are:
– Fewer excitable resonances
– Outer cover vulnerable to mechanical attacks
– Gap width difficult to control
Chapter 3
Microperforated panels with
horn-shaped orifices
This chapter describes the investigation of a special concept for panel absorbers; Panels
with horn-shaped openings, as shown in Fig. 3.1. The inner part of each horn has dimen-
sions approximately equivalent to traditional microperforated panels (MPPs), as described in
Sec. 2.4.1. The concept, called microhorn, was thought to have the following virtues:
– The incoming wave is offered a better impedance match than with normal MPPs
– The larger surface area of the opening increases the system resistance
– The increased particle velocity in the inner part of the horn also increases the resistance
The microhorn concept has been modelled by three different methods, none of which were
completely satisfactory. Because of this, no reliable estimate of an optimal geometry could
be made. Only one geometry was experimentally tested.
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Figure 3.1: Front view and cross-section of microhorn panel absorber.
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Figure 3.2: The geometry of a typical microhorn. For the outer part of the horn, i. e. z in the
range 0 – h, the shape is given by the function r 
 z  . The inner part of the horn is an ordinary
cylindrical tube of length l. For the Integration Method, Sec. 3.1.1, the outer part is divided
into cylindrical shells of length ∆z. The shells are very short tubes, and the impedance of
each tube is calculated by Eq. (2.36). The impedances of the tubes are added to give the total
impedance of the outer part of the horn.
3.1 Models
The impedance of a cylindrical, circular opening or tube may be calculated by the theory
presented in Sec. 2.3. However, the addition of the horn complicates the calculation. The
following sections present three different approaches to the calculation of the impedance of
the horn-shaped panel openings. The first method is a semi-analytic model, called the Inte-
gration Method (IM), whereas the other two are the numeric Finite Element Method (FEM)
and Finite Difference Method (FDM), respectively.
Figure 3.2 shows the cross-section of a single microhorn. To make the modelling flexible
with regard to variations in dimensions, the horn is divided into two parts. The inner (rear)
part is an ordinary, cylindrical tube of length l and radius rh. The outer (front) part has a
shape described by the function r 
 z  , where z is the distance from the front opening. The
front opening has radius r0. The length of the outer part is h. The arbitrary function r 
 z  is
only subject to the constraints r 
 0   r0 and r 
 h   rh. The microhorn panel absorber consists
of a rectangular grid of microhorns, where the center to center distance between the horns is
b, as illustrated in Fig. 3.1. The panel is placed a distance d in front of a hard wall.
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3.1.1 Integration Method
A simple model of the microhorn absorber uses the simplified Kirchoff model for cylindrical
perforations, Eq. (2.36). For the calculation of the acoustic impedance of the outer part of
the horn (z ﬁ h in Fig. 3.2), this part of the horn is divided into M short cylindrical shells,
analogous to a method used by Pfretzschner et al. [1999]. Thus, each shell is a circular
cylindrical tube of length ∆z  h

M. The acoustic impedance of each of these short tubes is
then added, and the result is the total acoustic impedance of the outer horn:
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(3.1)
Here the radius of shell m is r¯m  12

rm  1  rm  , where rm
 r 
 m∆z  . The perforate constant
xm is given by Eq. (2.37) with r  r¯m. The acoustic impedance of the inner part of the horn is
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Here r  rh is used in the expression for x. At both ends of the microhorn, inductive and
resistive end corrections are included. Equations (2.12) and (2.32) give
Zend 	 outer

1
pir20
+ jωρ0
8r0
3pi   2µρ0ω - (3.3)
and
Zend 	 inner

1
pir2h
+ jωρ0
8rh
3pi   2µρ0ω - (3.4)
Note that the end correction of Eq. (2.32) is the total resistive end correction (both apertures).
This has been split in two parts here. The acoustic impedance of the air layer between the
panel and the wall is [Allard, 1993, Eq. 2.21]
Zair


j zab2 cotkd  (3.5)
where za  ρ0c0 is the characteristic impedance of air. For small cavity depths, kd  1, the
impedance Zair equals the capacitive part of Eq. (2.10), and is inversely proportional to the
cavity volume V  b2d. This is the reason that d in Fig. 3.1 is measured from the back of the
plate, and not from the rear aperture of the microhorns. The total acoustic impedance of the
microhorn absorber is the sum of the above impedances,
Zmh
 Zair  Zend 	 inner  Zinner  Zouter  Zend 	 outer

(3.6)
and the absorption coefficient of the panel is [Morse and Ingard, 1968, Ch. 6.3]
α  1

)
)
)
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)
)
)
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The model described above introduces two sources of error. Firstly, the discretization
of the curved surface into a series of short, cylindrical tubes introduces an error. This error
can be reduced by increasing M. The model requires little computing power compared to a
numerical method (e. g. FDM), thus M can be made very large. The second error is related
to the velocity field in the microhorn. For large M, the velocity field in each short tube m
in the range 2     M

1 is approximately equivalent to the velocity field in the neighboring
tubes, so there is no significant error caused by the discontinuities of the horn cross-section.
Also, Eq. (2.36) seems valid for infinitesimal short tubes. However, the velocity field in the
horn is not axial, as assumed in the development of Eq. (2.36), but has a significant radial
component. The error caused by this cannot be eliminated by increasing M, and can only be
ignored for long, narrow horns. Consequently, the Integration Method can only be considered
as a first approximation.
3.1.2 Finite Element Method
The Finite Element Method is here applied to the entire length of the microhorn. The com-
puter program that is used, FEMAK, does not have a special element type for viscous sound
propagation in air [Johansen et al., 1996]. Instead, an equivalent fluid type element, designed
for sound propagation in porous materials with rigid frame, is used. Two versions of this el-
ement exist; one which uses a slightly corrected version of a model by Craggs [1978, 1986],
and another which uses the Johnson-Allard model [Allard, 1993, Ch. 5]. The former, simpler
version, which is used here, is based on theory by Zwikker and Kosten [1949]. Adiabatic
compression is assumed, so thermal losses are excluded. The corrections to Craggs’ model
concern the effective density and the continuity of the volume velocity. The viscous losses in
the porous material are included in the complex density of the equivalent fluid.
Using the equivalent fluid model to describe flow through a porous material, Newton’s
equation and the mass conservation equation can be written [Johansen et al., 1996]

∇p ,+ jωρ0ksφ  σ - u (3.8)
∇ ﬂ u 

jωφ
ρ0c20
p

(3.9)
where φ is porosity, σ is flow resistivity, and ks is the structure factor. These are characteristic
parameters of the porous material. The velocity u can be eliminated by the combination of
the equations. With the obvious assumption of φ  1 and ks  1 for the air in the microhorn,
the result is the Helmholtz equation,
∇2 p

k21 p  0

(3.10)
where the complex, squared wave number is
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jωσ
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
jσ
ρ0ω
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Eliminating velocity from the linearized Navier-Stokes equation (Eq. (2.34)) and the mass
conservation equation (Eq. (3.9) with φ  1) also results in the Helmholtz equation. The
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squared wave number for sound propagation in viscous fluid is then written as
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(3.12)
Because k1 and k2 are characteristic parameters for the same viscous flow, described by the
Helmholtz equation, they can be equated. Thus, the flow resistivity can be related to the
viscosity by
σ  µ ω
2
c20
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
jωµ
ρ0c20
&
µ ω
2
c20
(3.13)
For audible frequencies, the absolute value of the ratio in the denominator is equal to or less
than 1   5 ﬂ 10  5. Hence the approximation introduces no significant errors. For f  200 Hz,
the equivalent flow resistivity σ
&
2   44 ﬂ 10  4 Pas

m2. Compared with the flow resistivity
of typical porous materials like rock wool, which is in the order of 10kPas

m2, the flow
resistivity by Eq. (3.13) is very small.
The implementation of the equivalent fluid element in FEMAK does not handle impe-
dances or sources at the edge of the element. Therefore, it is required to add a layer of
ordinary fluid elements at the inner and outer end of the microhorn. The elements at the
outer opening are defined to see an incoming plane wave with amplitude 1Pa parallel to the
horn axis. These elements also face a specific impedance equal to za. The elements at the
inner opening face the specific impedance of the air layer between the panel and the wall,
with the addition of the inner end correction pir2h ﬂ Zend 	 inner. The thickness of the air layer is
adjusted to compensate for the thickness of the extra layer of elements. FEMAK supports
axial symmetry, so only half of the cross-section in Fig. 3.2 is included in the model.
The output of the FEMAK simulations is the complex pressure at each node. To calculate
the specific impedance at a node facing the incoming wave, the axial velocity across the
corresponding element m is needed. By Eq. (3.8), with φ  0  ks and σ
&
0, the velocity is
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if the microhorn axis is in the z direction. Here, ∆zm is the axial length of element m, and
pm 	 1 and pm 	 2 are the pressures at the front and rear side of the element. The average specific
impedance zmh at the front microhorn opening is then calculated as the average of the specific
impedance at the front node of each element,
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
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∑
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(3.15)
where N is the number of elements that sees the incoming wave. The acoustic impedance of
the microhorn panel absorber is then, with the addition of the outer end correction,
Zmh

zmh
pir20

Zend 	 outer

(3.16)
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and the absorption coefficient for the panel is calculated by Eq. (3.7) as before.
Unfortunately, the results in Sec. 3.3.1 indicate that FEMAK cannot handle the porous
material element type when used like this. The predicted absorption coefficient of the res-
onator system is predicted to be approximately zero. It seems that the equivalent fluid model
implemented in FEMAK is not suited for “porous materials” with such low flow resistivities
as used here.
3.1.3 Finite Difference Method
Here, the Finite Difference Method [see e. g. Zienkiewicz and Morgan, 1983, Ch. 1] is applied
to the linear Navier-Stokes equation, Eq. (2.34), and the mass conservation equation, Eq. (3.9)
(with φ  1). With cylindrical coordinates, and assuming rotational symmetry of the horn,
the velocity vector can be written as u 
 r

z   u 
 r

z  rˆ

v 
 r

z  zˆ, and the pressure as p 
 r

z  .
The equations to be solved for p, u and v, are then [Landau and Lifshitz, 1959, § 15]
jωρ0u 
∂ p
∂ r  µ
+
∂ 2u
∂ r2 
∂ 2u
∂ z2 
1
r
∂u
∂ r 
u
r2
-
 0
jωρ0v 
∂ p
∂ z  µ
+
∂ 2v
∂ r2 
∂ 2v
∂ z2 
1
r
∂v
∂ r -
 0
jω p

ρ0c20 +
∂u
∂ r 
∂v
∂ z 
u
r
-
 0
(3.17)
The equations are solved in the outer part of the horn, 0 ﬁ z ﬁ h, as shown in Fig. 3.3. The
specific impedance at z  h is an input parameter to the FDM model. The outer part of the
horn is divided into M axial steps of length ∆z  h

M. Thus, there are M

1 rows of grid
points, in the range m  0     M. The shape of the horn is given by the arbitrary function r 
 z  ,
as before. Due to the shape of the horn, the total number of grid points increases sharply as
the number of radial steps at the inner end of the tube increases. The number of radial steps at
m  M, denoted L 
 M  , is therefore limited by the available computing resources. To ensure
that no grid point is “wasted” at the surface of the horn, where the particle velocity is known
to be exactly zero, the radial step length ∆r is set equal to rh

' L 
 M 

0   05 ( , so that the grid
point 
 M

L 
 M ﬃ is close to, but not exactly at, the surface. The number of radial grid points
for row m, that is L 
 m 

1, is the nearest higher integer to r 
 m∆z 

∆r.
With the velocity at the grid point 
 l

m  written as ul 	m
 ul 	mrˆ  vl 	mzˆ and the pressure
as pl 	m, the boundary conditions of the FDM model can be expressed as follows:
– Symmetry at the central axis (l  0):
u0 	m
 0 v
 1 	m
 v1 	m
u
 1 	m


u1 	m p  1 	m
 p1 	m
(3.18)
Note the sign change of the radial velocity component u.
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Figure 3.3: The Finite Difference Method was used to solve Eqs. (3.17) for pressure p and
particle velocity u in the hatched region. The grid shown is not the actual grid used. The
specific impedance at m  M is an input parameter to the model.
– Constant sound pressure p0 and axial flow in front of outer opening (m ﬁ 0):
pl 	  1
 p0 vl 	  1
 vl 	 0
ul 	  1
 0
(3.19)
Equations (3.17) are linear, thus the impedance at any point is independent of p0. The
value of p0 is therefore arbitrary, and is set to p0  1.
– Constant specific impedance zM at the boundary of the inner part of the horn (m  M),
and axial flow in the inner part (m $ M):
pl 	M
 zMvl 	M vl 	M T 1
 vl 	M
ul 	M T 1
 0 pl 	M T 1
 pl 	M
(3.20)
Here zM
 pir2h  Zair  Zend 	 inner  Zinner
!
, by Eqs. (3.5), (3.4) and (3.2).
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Figure 3.4: Grid points close to the curved surface of the microhorn, that is points where
η ﬁ 1 or λ ﬁ 1, are excluded from normal treatment by the Finite Difference Method. The
pressure and velocity at these special points are determined by boundary conditions and
neighboring points, as described by Eqs. (3.22) and (3.23).
– The horn surface is hard, and there is no slip of the viscous flow:
∂ p
∂n
)
)
)
)
surface
 0 u
* surface
 0

(3.21)
where ∂ p  ∂n is the derivative of the pressure in the direction of a vector n normal to
the surface.
Because of the curved surface, points close to the surface have to be treated specially, with
a procedure summarized by Crandall [1956]. Figure 3.4 shows the geometry. Points “close
to the surface” are defined as points 
 l

m  where l $ L 
 m

1  or l  L 
 m  , i. e. grid points
which lacks neighboring grid points either below or to the right. The velocity and pressure
at such points are determined by the boundary conditions and the values of the neighboring
points. The pressure at 
 l

m  is given by
pl 	m
hg
i j pl 	m  1  1  tanβl 	m
!

pl  1 	m  1 tanβl 	m if βl 	m k arctan ∆r∆z
pl  1 	m  1  cotβl 	m
!

pl  1 	m  1 cotβl 	m if βl 	m $ arctan ∆r∆z 
(3.22)
where βl 	m is the angle between the z-axis and the normal vector n from the point 
 l  m  to
the surface. The velocity at 
 l

m  is
ul 	m

g
i
j
λl l m
1 T λl l m
ul 	m  1 if L 
 m  1 mﬁ l ﬁ L
ηm
1 T ηm ul  1 	m if l
 L
(3.23)
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For m  M, the value of λl 	M is undefined, so only the latter expression is used.
When the pressure and velocity at all grid points have been determined, the impedance at
the front opening of the microhorn is given by the average of the specific impedance at grid
points at z  0, with the addition of the outer end corrections (see Eq. (3.3)):
Zmh

1
pir20 ' L 
 0   1 (
L n 0 o
∑
l R 0
pl 	 0
vl 	 0

Zend 	 outer (3.24)
The absorption coefficient of the microhorn panel absorber is given by Eq. (3.7).
The FDM model is probably the most reliable of the three presented models, but the
usefulness and accuracy is limited for the typical microhorn geometries in question. To model
the viscous flow in the inner part of the horn correctly, the grid size has to be quite small.
Due to the shape of the horns, the computation time and memory requirements makes it
inconvenient to investigate a wide range of geometries, and practically impossible to increase
the number of grid points to an optimal level.
The three models presented above were primarily meant to give a qualitative descrip-
tion of different microhorn geometries, and were not expected to be quantitatively correct.
Therefore, the end corrections Zinner and Zouter were not corrected by Eq. (2.15) or Eq. (2.44).
3.2 Measurements and simulations
3.2.1 Measured dimensions of samples
Microhorn panel dimensions
Due to the limitations of the models presented above, only one microhorn panel was produced
for impedance measurements. The panel, sized 200 p 200 mm, and 1mm thick, were made
of aluminium. Horns were punched b  15mm apart in a rectangular grid. At the bottom of
each horn, a hole with diameter approximately 0   5mm was drilled.
The models require accurate values of the dimensions of the perforations in the panel,
including the radius vs. depth function r 
 z  . To determine this function for the perforations in
the sample panel, glue was used to make molds from three of the perforations. The glue used
was Super Epoxy 120. The molds were then measured on a Hilger & Watts projector screen,
type 601.301, with 50 p magnification. The measured dimensions of the three perforations
were quite similar, therefore the average of the dimensions was used. The inner perforation
diameter was found to be 2rh
&
0   55mm wide. The outer diameter was measured to 2r0
&3   9mm. The depth of the horn was approximately h
&
2   3mm. The value of inner perforation
length l would seem to be zero, but the exact value could not be determined from the molds.
Figure 3.5 shows the average of the measured radius of the horn as function of depth. Given
the constraints r 
 0   r0 and r 
 h   rh for the given h, a curve fitting to the measured r 
 z 
was attempted. Several functions were tried, e. g. a quadratic dependency and a polynomial
fit. The closest fit to the measured shape of the horn was the logarithmic function
rlog 
 z 
 rh 
1
K
ln

z
h   1 
z
h
!
e  K 
 r0  rh 
"

(3.25)
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Figure 3.5: Radius r 
 z  of horn as function of depth. Measured data compared to the loga-
rithmic function Eq. (3.25)
with the arbitrary constant K set to 1795 m  1 by the method of least squares. This function is
also shown in Fig. 3.5. To evaluate the influence of the shape of the horn, the linear function
rlin 
 z 
 r0 

rh  r0 
z
h  (3.26)
corresponding to a conical horn shape, was also used in the simulations. To supplement the
measurements of the molds, some of the microhorns were also examined in microscope. It
was found that the perimeter of the inner perforation was jagged and only remotely circular.
The method used to measure the microhorn panel geometry introduced several possible
errors, all of which may decrease the accuracy of the predictions by the models:
– The properties of the glue during hardening and changes in temperature are not known.
If the glue shrunk during hardening, the measured values of r 
 z  and h are too small.
– The inner part of the mold may have broken, or the glue may not have completely filled
the horn. The result will be a too high measured value of rh and a too low value of h.
– The projections of the molds were measured manually with a ruler. The random errors
thus introduced are only partly compensated for by taking the average of the molds.
– Because of the importance of the value of rh, a small error in the projection magnifica-
tion may also introduce significant errors. By use of a known sample, the error in the
projection system was found to be less than 0   02mm.
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After the initial measurements, it was found that a panel vibration mode interfered with
the Helmholtz resonance. To eliminate this problem, steel bars of dimension 5 p 5mm were
glued to the rear side of the panel. The stiffness thus introduced caused the frequency of the
vibration mode to shift to a higher frequency.
Microperforated panel dimensions
An ordinary microperforated panel was also measured to compare with the microhorn panel.
The MPP thickness, and perforation length, was l  1mm. Like the microhorn panel, the
perforations were drilled in a rectangular grid, with b  15mm between the perforations.
The diameter of the perforations in this panel was measured in microscope. It was found that
2r
&
0   52mm. As for the microhorn panel, steel bars had to be glued to the rear side to avoid
interference between plate vibration modes and the Helmholtz resonance.
3.2.2 Impedance measurements in Kundt’s tube
The specific impedance at normal sound incidence of the microhorn panel and the ordinary
MPP was measured in a Kundt’s tube with square cross-section. The standardized transfer-
function method was used [Chung and Blaser, 1980; ISO 10534-2, 1996; Jones and Stiede,
1997]. Figures 3.6, 3.7 and 3.8 show an overview of the measurement setup, the mounting of
the sample, and the relevant dimensions, respectively. The specific impedance is given by
z  jρ0c0
H12 sinkt  sink 
 t  s 
cosk 
 t

s 

H12 coskt 
(3.27)
where H12 is the measured transfer function H12 between the microphones, s is the distance
between the microphones, and t is the distance between the front microphone and the sample.
The inner dimension of the tube is 200 p 200 mm, with the lowest cut-off frequency at 850 Hz
[Morse and Ingard, 1968, Ch. 9.2]. The measurements were done with Brüel & Kjær con-
denser microphones, type 4165. The distance t was 310 mm, and the microphone distance
was s  150 mm. According to Boden and Åbom [1986] and Nordtest ACOU 095 [1996],
this corresponds to a recommended frequency interval 113 – 907 Hz. Outside this frequency
range, the maximum error in H12 increases sharply. The samples were fastened with screws
to a square sample holder. The inner width and height of the sample holder is 190 mm, and
the thickness (i. e. length along the tube axis) is 10mm. The outer edge has a rubber band
placed in a groove, to decrease leakage between the sample holder and the tube wall. Four
values of the back cavity depth d were used; 44, 79, 149 and 219 mm. Only the results for
d  44mm are presented and compared with simulations in Sec. 3.3 below.
The transfer function H12 was measured by the computer program WinMLS developed
by Morset Sound Development [1999]. This program implements the Maximum Length Se-
quence (MLS) method [see e. g. Chu, 1990]. The PC had a Hohner ARC 44 sound card with
four channels, three of which were used here. For all measurements and calibrations, the
sampling rate was 11025 Hz, the sequence order 14, and the number of averages was 16.
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Figure 3.6: The Kundt’s tube, with microphone amplifiers to the left. Two of the tube walls,
and also the movable “piston” which constitute the back wall, are made of glass. This allows
for visual control of the mounted sample, and also vibration measurements by laser interfer-
ometry, as described in Ch. 4. In the background can be seen the anechoic end piece used
during the calibration.
Figure 3.7: The microhorn panel and sample holder, with tube top cover removed. The sample
holder was held in place by pins near the corners. The reflecting end piece can be put in any
position, only limited by the pins and the length of the tube.
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Figure 3.8: The setup used for normal incidence impedance measurements of the microhorn
panel and the MPP. The transfer function between the microphones was calculated by the
computer program WinMLS [Morset Sound Development, 1999]. During all measurements,
t  310 mm and s  150 mm. Four values of d were used; 44, 79, 149 and 219 mm.
FEMAKI-DEAS I-DEAS to FEMAK MATLAB
FEMAK to I-DEAS
Figure 3.9: Flowchart for the Finite Element Method simulations process. The geometry is
defined in the CAD-program I-DEAS, and is translated into a form appropriate for FEMAK
by a conversion program. The output is processed by MATLAB, but may also be returned to
I-DEAS for graphical representation.
3.2.3 Simulations
The simulations by the Finite Element Method were done on two different geometries. The
first was a microhorn with dimensions like the measured microhorn panel. The FEMAK
input file was generated by the CAD-program I-DEAS [Lawry, 1998; SDRC Solutions, 2000],
with an appropriate conversion program [Verdeille, 1998a,b], as indicated in Fig. 3.9. The
elements were approximately 0   05 p 0   05mm. The simulations were done at 1

3 octave
spaced points in the frequency range 31.5 – 1600 Hz. The other geometry was an ordinary
MPP, with perforation diameter 0   5mm, thickness 1mm, and with 4mm spacing between
perforations. The distance to the hard wall was 200 mm. The perforations were assumed to
be filled with a porous material, and the flow resistivity of this material was varied. For this
geometry, the FEMAK input file was written manually. The elements were 0   125 mm wide
in the radial direction. In the axial direction, the length was 0   25mm for the porous material
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Table 3.1: Values of geometry parameters used in Finite Difference and Integration Method
simulations of microhorn, first series. The back cavity depth d was 44mm.
Parameter Values used
mm
h 1 2
l 0 0.2 0.5
r0 1 2 5
rh 0.25 0.50
Table 3.2: Values of geometry parameters used in Finite Difference simulations of microhorn,
second series. Outer horn radius r0 q 1 r 95mm and length h q 2 r 3mm for all simulations.
Only horn shape function rlog was used. The back cavity depth d was 44mm.
Parameter Values used
mm
l 0 0.1 0.2 0.3
rh 0.250 0.260 0.265 0.275
elements, and 1mm for the ordinary air elements at each perforation aperture. The simulation
frequency range was 224 – 800 Hz, with 1 s 6 octave spaced points.
Two series of Finite Difference Method simulations were carried out. The first series
was intended to illustrate the influence of large variations in the microhorn geometry on the
absorption characteristics. The dimension parameters and the values used in the simulations
are given by Table 3.1. Both shape functions, rlog given by Eq. (3.25) and rlin given by
Eq. (3.26), were used in these simulations, except for r0 q 5mm. This large outer radius
in combination with the conic horn shape (rlin) could not be simulated due to the extensive
computer memory requirements. Simulations with h
q
5mm were originally planned, but
could not be completed. This was also due to the large memory requirements. The second
series of FDM simulations was intended to simulate the measured microhorn panel sample
and investigate the sensitivity to small variations in the horn dimensions. The parameters of
the second series are given in Table 3.2. For all the FDM simulations, the number of z-steps
were M
q
70, and the number of r-steps at z
q
h were LM
q
9. These values were chosen to
give a relatively square grid for dimensions close to the measured sample. With h
q
2 r 3mm
and rh q 0 r 275 mm, the grid lengths are ∆r t ∆z t 0 r 03mm. At f q 200 Hz this is equivalent
to 5 radial grid points inside the viscous boundary layer at z
q
h. The simulations were done
at 1 s 3 octave spaced points in the frequency range 31.5 – 800 Hz.
The simulations by the Integration Method were assumed to give quick, approximatively
correct predictions of the absorption coefficient of various microhorn geometries. This was
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Figure 3.10: Finite Element simulations of micro-perforation filled with porous material (see
page 37). Absorption coefficient as function of frequency for different flow resistivities. ,
σ
q
1kPas s m2; , σ
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10kPas s m2; , σ
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20kPas s m2.
not the case (see Sec. 3.3.1), so simulations by the IM were only done for the geometries
in Table 3.1, with the same frequency range as used in the FDM simulations, and with 1 s 6
octave spacing between the points.
The absorption coefficient of the microperforated panel sample was calculated by the
computer program FLAG, developed at NTNU [Vigran et al., 1991]. This program imple-
ments the transfer matrix method [see e. g. Dunn and Davern, 1986; Brouard et al., 1995]
for a number of materials, including MPPs. The MPP implementation in FLAG is based on
Eq. (2.46). Unlike Melling [1973], the MPP implementation in FLAG uses only the standard
value for the viscosity. Stinson and Shaw [1985] stated that the use of an “effective” viscosity,
which includes the effect of thermal losses, is only appropriate for long tubes. Additionally,
the polynomial coefficients used in FLAG differs from those given in Eq. (2.45). The geo-
metry parameters used in the FLAG simulation of the MPP were the same as the physical
dimensions given in Sec. 3.2.1. The FLAG program was also used to simulate MPPs with
resonance frequencies approximately equal to that of the measured microhorn panel sample.
For this, the dimensions of the MPPs were (a) r
q
0 r 250 mm, A
q
120 mm2, (b) r
q
0 r 275 mm,
A
q
140 mm2 and (c) r
q
0 r 325 mm, A
q
190 mm2. For all FLAG simulations, d was 44mm
and l was 1mm. The simulations were done at 1 s 30 octave spaced points in the frequency
range 35 – 1094 Hz.
3.3 Results
3.3.1 Comparison of simulation methods
The predicted absorption coefficient of the FEM simulation of the microhorn was practically
zero for all frequencies. To verify that this result was not an error in the geometry definition
or conversation process, a simpler geometry was defined. Figure 3.10 shows the result of
decreasing the flow resistivity of a porous material in a micro-perforation. The procedure
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Figure 3.11: Simulations of microhorn geometries. Absorption coefficient as function of
frequency as calculated by the Integration Method and the Finite Difference Method. Inner
horn length l
q
0mm, outer horn radius r0 q 2mm for all graphs. , Integration Method;
, Finite Difference Method.
in Sec. 3.1.2 obviously fails to predict the absorption characteristics of a simple MPP, when
the flow resistivity is given by Eq. (3.13). It seems that, to simulate perforates correctly, the
program FEMAK requires some resistive material to supply the required resistance, as were
done by Kristiansen and Vigran [1994].
As mentioned in Sec. 3.1.1, the Integration Method can only be viewed as an approximate
model, if only due to the inferior modelling of the velocity field in the horn. This is confirmed
in Fig. 3.11, which compares simulations by the IM and the Finite Difference Method. Only
the geometries with l, r0 and r u z v approximately equal to the experimentally tested sample,
i. e. l
q
0mm, r0
q
2mm and r u z v
q
rlog, are presented in this figure. In contrast to the FDM
results, and in contrast to what could be expected, the IM results seems relatively insensitive
to variation of h and rh. The same mismatch between the models is also evident for the
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Figure 3.12: Finite Difference simulations of microhorn geometries. Absorption coefficient
as function of frequency for horn shapes rlog and rlin. Inner horn length l q 0mm, outer horn
length h
q
1mm for all graphs. , r u z v
q
rlin u z v given by Eq. (3.26); , r u z v q rlog u z v
given by Eq. (3.25).
geometries not shown, where l
q
0 r 2 and 0 r 5mm and r0 q 1 and 5mm. Consequently, in the
following sections only the FDM results are presented.
3.3.2 Variation of horn geometry
Horn shape
The effect of the shape of the horn is illustrated in Figs. 3.12 and 3.13, where the horn shapes
rlog and rlin are compared. The two figures correspond to h q 1 and 2mm, respectively.
For simplicity, l is 0mm for all graphs. Simulations of geometries with r0 q 5mm were
also attempted, but could not be completed because FDM simulations with horn shape rlin
requires even more memory than rlog. As could be expected, the results show that the horn
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Figure 3.13: Finite Difference simulations of microhorn geometries. Absorption coefficient
as function of frequency for horn shapes rlog and rlin. Inner horn length l q 0mm, outer horn
length h
q
2mm for all graphs. , r u z v
q
rlin u z v given by Eq. (3.26); , r u z v q rlog u z v
given by Eq. (3.25).
shape is of greater importance for the longer horns (Fig. 3.13), and even more so for horns
with large r0 or small rh. It is less intuitive that the resonance frequencies generally are
higher for conic horns than for logarithmic horns. This is despite the fact that the volume
(and hence the nominal mass) of the conic horn is significantly larger than the volume of
the logarithmic horn, given the same values of r0, rh and h. The reason for the difference in
resonance frequency is probably that a logarithmic horn has a longer narrow portion of the
horn length than a conic horn. As discussed by Craggs and Hildebrandt (see page 14), the
effective density of air in narrow tubes can be up to ρe
q
1 r 33ρ0 for small values of x. Hence,
in some cases, the effective mass of the logarithmic horn may be larger than the effective
mass of the conic horn.
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Figure 3.14: Finite Difference simulations of microhorn geometries. Absorption coefficient as
function of frequency for different outer radii r0. Inner horn length l q 0mm for all graphs.
, r0 q 1mm; , r0 q 2mm; , r0 q 5mm.
Horn dimension
The sensitivity to variation in the horn dimensions r0, rh, h and l, is visualized by Figs. 3.14,
3.15 and 3.16. These figures correspond to l
q
0, 0.2 and 0 r 5mm respectively. By comparing
the corresponding graphs in the three figures, it can be seen that the inner horn length l
influences the absorption characteristics as expected: an increase in l will in most cases
increase the resonance absorption coefficient α0 due to the increased resistance, and shift the
resonance frequency f0 towards lower frequencies due to the increased (effective) mass. This
seems to be the most significant effect of an increase in l. Except for rh, the effect of the other
geometry parameters are relatively independent of l.
An increase in the outer horn radius r0 will generally decrease the Q-value of the res-
onance (as was the intended purpose of the horn-shaped orifices). While this is the domi-
nant effect for rh q 0 r 25mm, the decrease in Q is also accompanied by a decrease in α0 for
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Figure 3.15: Finite Difference simulations of microhorn geometries. Absorption coefficient
as function of frequency for different outer radii r0. Inner horn length l q 0 r 2mm for all
graphs. , r0 q 1mm; , r0 q 2mm; , r0 q 5mm.
rh q 0 r 50mm, and especially for short outer horns, h q 1mm. It seems that although wider
outer openings yield a larger flow rate through the horn, this cannot be fully utilized to in-
crease the viscous losses if rh is large, and especially if h is small. The reduced f0 that is
expected for increased r0, due to the increased mass in the horn, is also most noticeable for
short horns with large inner openings.
The effect of variation in the outer horn length h is dependent on the value of r0 and rh.
For the smallest value of r0, i. e. 1mm, the outer part of the horn may be considered as mainly
an extension of the cylindrical inner part. As was the case with variation in l, an increase in
the outer horn length h therefore results in a decrease in f0 in this case. On the other hand, for
the large r0 q 5mm, there is also a dependency on the value of rh. For small inner openings,
the main effect of an increase in h is a reduction in f0, as before. However, for rh q 0 r 50mm
the energy dissipation in the inner part of the horn is much less, and the increased resistance
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Figure 3.16: Finite Difference simulations of microhorn geometries. Absorption coefficient
as function of frequency for different outer radii r0. Inner horn length l is 0 r 5mm for all
graphs. , r0 q 1mm; , r0 q 2mm; , r0 q 5mm.
caused by an increase in h will become more significant. Hence, α0 increases. In this case,
the resonance frequency is less sensitive to changes in h.
The most critical parameter, rh, also has the most complex dependency on the other pa-
rameters. The only general observation is that the resonance frequency increases with rh.
This is probably because the reduction in the effective mass due to the increase in the perfo-
rate constant x is larger than the increase in the nominal mass due to the increased volume of
the horn. For large r0 q 5mm, the maximum absorption coefficient decreases for increasing
rh, as expected. For small r0 q 1mm, the effect of rh depends on h and l. For large h q 2mm,
or large l
q
0 r 5mm in combination with the short h
q
1mm, an increase in rh will increase
α0. On the other hand, for the shortest total horn length, h q 1mm, l q 0mm, the maximum
absorption decreases when rh increases. It may seem that for the long tubes, the resistance is
higher than the optimum, so that an increase in rh will reduce the resistance to a more optimal
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Figure 3.17: Finite Difference simulations compared to measurement of microhorn panel.
Absorption coefficient as function of frequency for small variations in inner radius rh. Outer
horn radius r0
q
1 r 95mm and length h
q
2 r 3mm for all graphs. The cavity depth d
q
44mm.
, rh q 0 r 250 mm; , rh q 0 r 260 mm; , rh q 0 r 265 mm; , rh q 0 r 275 mm.
level. For the shorter tubes, the increase in rh results in less optimal resistance, and hence
reduced α0.
3.3.3 Comparison with measurements
The second series of FDM simulations was intended to illustrate the effect of small variations
of the geometry parameters, close to the geometry of the sample panel. The results for differ-
ent values of l and rh are shown in Fig. 3.17. With regard to limitation set by the microphone
separation, the measured data was cut at 50Hz. The spikes at f
q
500 Hz is due to the plate
resonance. The figure shows the expected shifting towards lower frequency for increasing l.
More interesting, however, is the effect of variations in rh. An increase in rh does not mono-
tonically reduce the maximum absorption coefficient, but results in an alternation in α0 and
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bandwidth. The alternation pattern is the same for all values of l. It seems that the FDM im-
plementation used here cannot be trusted to give quantitatively correct predictions for small
variations of the critical parameter rh. This is most probably due to the relatively low number
of radial grid points. As described in Sec. 3.2.3, for f
q
200 Hz there are only 5 radial grid
points inside the viscous boundary layer at z
q
h. The placement of grid points inside the
viscous boundary layer, where the velocity profile is steep, will be significantly affected by a
small variation of rh.
For all values of l except zero, the predicted resonance frequencies are lower than the
measured resonance frequency. The simulations also predict absorption peaks which are
generally too high and too broad compared to the measurement. There are several possible
explanations of the discrepancy:
– The dimensions of the microhorn panel sample may have been inaccurately deter-
mined, as mentioned in Sec. 3.2.1. Additionally, the shape of the inner horn openings
were observed to be not quite circular. Thus, the real, average inner radius may have
been larger than the value of rh that was used.
– The number of grid points may be too small, so that the energy dissipation in the
viscous boundary layer is not modelled correctly.
– The end corrections of the outer horn opening may be incorrect. Due to the shape of
the horn, it is difficult to estimate how much of the openings area should be associated
with the opening, and how much should be considered as part of the panel surface. A
too high r0 will result in a too high associated mass, leading to a too low resonance
frequency.
3.3.4 Comparison with microperforated panels
The left chart in Fig. 3.18 shows the measured absorption coefficient of the microperforated
panel sample compared with FLAG simulations of the same geometry. The agreement is
quite good. Also, given the constraints d
q
44mm, r
q
0 r 26mm and f0 t 180 Hz, this seems
to be an almost optimal configuration. Several other combinations of A and t were simulated
by FLAG, but none resulted in significantly higher absorption at the same frequency. The
right chart in Fig. 3.18 compares the absorption coefficient of three simulated MPPs with
the measured microhorn panel sample. Here too, the dimensions of the simulated MPPs are
limited by d
q
44mm and l
q
1mm, and are chosen so that f0 t 250 Hz.
3.4 Summary
The microhorn concept has been investigated by analytical, numerical and experimental
methods. The microhorn concept was thought to increase the absorption bandwidth, com-
pared to the ordinary MPPs. However, the microhorns turned out to be difficult to model
with the accuracy required to design reasonable optimal panels for experimental testing. The
experiments on the sample that was produced did neither confirm nor reject the feasibility of
the microhorn concept.
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Figure 3.18: Comparison of simulated and measured absorption coefficient as function of
frequency for the panel absorber samples. i) FLAG simulation and measurement of mi-
croperforated panel sample. For the simulation, r
q
0 r 26mm, l
q
1mm, A
q
245 mm2 and
d
q
44mm. ii) FLAG simulations of microperforated panels and measurement of micro-
horn panel sample. For the simulations, l
q
1mm and d
q
44mm. , r
q
0 r 250 mm,
A
q
120 mm2; , r
q
0 r 275 mm, A
q
140 mm2; , r
q
0 r 325 mm, A
q
190 mm2.
Three models were tried to simulate the microhorns. Of these, only the Finite Difference
Method could, to some degree, be trusted to give qualitatively correct predictions. Due to
limitations in the number of grid points, the FDM results cannot be trusted to be quantitatively
correct. According to the FDM simulations, a high maximum absorption coefficient and a
high absorption bandwidth can be obtained for geometries where the outer horn radius is
large and the inner radius is small. The lengths of the outer and inner parts of the horn, and
the shape of the horn, are also significant, but subordinate, factors. Considering the possible
sources of error in the FDM simulations, these qualitative statements should nevertheless be
correct.
Chapter 4
Double panel absorbers
The subject of study in this chapter is a new type of panel absorber. It is a distributed Helm-
holtz resonator with double plates, where the plates are perforated with holes or slits. The
key idea is to elongate the resonator necks laterally, and make the width of these lateral slit-
shaped necks so small that viscous losses become significant. Unlike the concept discussed
by Mechel [1994c], the narrow, lateral slits are not “side branches” to the main resonator
neck, but rather an integral part of the neck. Like the microperforated panels [Maa, 1987,
1998], this new absorber concept utilizes the viscous losses inherent in the resonator open-
ings. Hence, it does not require extra resistive materials to achieve a relatively broadbanded
absorption compared to the simple panel Helmholtz resonators.
The concept is implemented by mounting two parallel, smooth, perforated metal plates
close together, separated by a small distance. The perforations form a regular grid, and the
perforations in the front plate are at a maximum distance from those in the rear plate. The
result is that the resonator necks consist of three segments; front opening, rear opening and the
lateral slit formed by the gap between the plates. Figure 4.1 shows a sample of a double panel
absorber with circular perforations, as mounted for impedance measurement in a Kundt’s
tube. Slit-shaped openings are also investigated. In this case, the length of the lateral slit can
be varied by lateral displacement of one plate relative to the other plate. The effects of such
displacements are also presented.
4.1 Circular perforations
This section describes the initial investigations on the double panel absorber concept, where
the perforations were circular, short tubes.
4.1.1 Model
The double panel absorber with circular perforations is here modelled by a simple analytical
model. If normal sound incidence is assumed, symmetry allows an imaginary tube of cross-
section area A
q
b2 to be associated with each perforation [Allard, 1993, Ch. 10]. Here b
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Figure 4.1: The perforated double panel absorber, as mounted for impedance measurements
in a Kundt’s tube. The plates are separated by a number of thin metal rings at the perimeter.
The openings in the two plates are placed symmetrically with respect to each other to max-
imize the length of the lateral slit formed by the gap between the plates. The center-center
distance between the perforations is the same for both plates.
is the center-center distance between the perforations. The modelled geometry is shown in
Fig. 4.2, where the cross-section of the tube is indicated with a square. As shown in Sec. 2.3.3,
the influence of the perforations outside the imaginary tube “walls” can be neglected for
perforation cross-section areas S which are significantly smaller than A. For the “worst case”
sample used in the measurements, the ratio S s A is 0.01 (see Table 4.1). Fok’s function,
by Eq. (2.44), is then 1.17. Therefore the effect of interaction between the perforations is
excluded from the model.
As shown in Fig. 4.2, the model includes one hole from each plate. The four corner holes
in the rear plate contribute 1 s 4 of a hole each. The gap width between the plates is g, and the
plates are ti thick; i
q
1 for front plate and i
q
2 for rear plate. The calculation of impedance
is trivial for all parts of the system, except the impedance of the gap between the plates; The
impedance Zair of the air layer between the rear plate and the wall is given by Eq. (3.5). The
specific impedance of the perforation in plate i is given by Eq. (2.36). With the addition of the
classic inductive end correction (Eq. (2.12)) and half the resistive end correction (Eq. (2.32)),
the impedance can be written
Zp w i q
jωρ0li
pir2i xy{z
1 | 2
xi } | j
J1 ~ xi } | j 
J0 ~ xi } | j 
1 
8ri
3pi li
| jdvli 
(4.1)
where ri is the radius of the perforations in plate i. The length of the perforations, li, equals
the plate thickness ti. The perforate constant xi is given by Eq. (2.37) with r
q
ri. Note
that Eq. (4.1) does not include the end corrections for the perforation apertures facing the
gap between the plates. These end corrections are not needed, because the calculation of the
impedance between the plates includes the impedance associated with these apertures.
To calculate the impedance of the gap between the plates, the velocity field between the
plates is required. For g  ri, the field is approximately equivalent to the field set up by
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Figure 4.2: Geometry of perforated double panel model. i) Only the cross-section A
q
b2
inside the square is included in the model. A unit volume flow is assumed to flow from one
hole in the front plate (filled circle) to 4  1 s 4
q
one hole in the rear plate. ii) The double
panel is assumed to be placed a distance d in front of a hard back wall. The distance g
between the plates is small enough to let viscous losses become significant.
cylindrical radiating sources at the positions of the perforations. The sources have radii equal
to the perforations radii ri. Volume flow of unit size is assumed to flow parallel to the plates
from the source associated with the front plate and into the rear plate source (i. e. sink). A
32  32 grid of points is defined across the imaginary tube cross-section. Each grid point has
an associated area ∆S
q
u b s 32 v 2. For each grid point, the velocity fields associated with each
source is superposed. The grid points inside the perforations are of course excluded from the
calculation. When the velocity field is calculated, the inductance of the gap is
Lg
q
2
U2
KE
q
2
U2
z
1
2
ρ0
32
∑
l  1
32
∑
m  1 


ul wm



2
∆S g


(4.2)
where KE is the kinetic energy of the air in the gap. Unit volume flow, U
q
1, is assumed.
The reactance of the gap is calculated by
Cg
q
2
p2
PE
q
Ag
ρ0c20 
(4.3)
where PE is the potential energy of the air in the gap. The viscous resistance of the air in the
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Figure 4.3: Equivalent circuit for the perforated double panel model. The impedance Zp w i
of a perforation in plate i includes the resistance and inductance of the perforation, and
also the end corrections of the perforation apertures not facing the gap. The inductance and
resistance in the gap is divided in two. The two parts are associated with the perforation
apertures which faces the gap.
gap is calculated by (see Eq. (2.29))
Rg
q
2P
U2 q
ρ0ωdv∆S
U2
32
∑
l  1
32
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

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


2

(4.4)
where P is the energy per second dissipated by viscous losses. Equations (4.2) to (4.4) are
based on Eqs. (9.1.10), (9.1.11) and (6.4.39) in the book by Morse and Ingard [1968]. Equa-
tions (4.2) and (4.3) are valid only when the wavelength is much greater than the dimension of
the imaginary tube, b. This is satisfied for the frequencies and geometries used here. The ve-
locity ul wm in Eq. (4.4) is, according to Morse & Ingard, the velocity just outside the boundary
layer. For geometries where the plate separation g is in the order of the boundary layer thick-
ness, Rg must be considered to be a crude approximation only. Expressions for the thermal
resistances, assuming constant pressures over the surfaces, were included in a preliminary
model. As stated by Ingard [1953], the thermal resistances were found to be negligible. To
simplify the calculations, these resistances are excluded from the current model.
Figure 4.3 shows the equivalent circuit for the double panel absorber. With Cg in parallel
to the impedance of the rear perforation and the air layer behind the plates, the total acoustic
impedance of the imaginary tube is calculated as follows:
Zrear
q
1
2 ~ Rg

jωLg 

Zp w 1

Zair (4.5)
Zgap
q
ZrearZC
Zrear

ZC
, with ZC
q
1
jωCg (4.6)
Zdp q Zgap

1
2 ~
Rg

jωLg 

Zp w 2 (4.7)
Finally, the absorption coefficient is calculated by
α
q
1 |





ZdpA | za
ZdpA

za 




2
(4.8)
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Table 4.1: Perforation radii and grid types for the plates used for measurements. Two types
of grid were used; “X”, where the center of the plate was perforated, and “O”, where the
center of the plate was not perforated. The distance between perforations was b
q
17mm,
and the plates were ti
q
2mm thick.
Plate Perforation radius [mm] Grid type
A 1 O
B 0 r 75 X
C 0 r 75 O
D 0 r 5 X
E 0 r 5 O
F 0 r 25 X
4.1.2 Measurements and simulations
Dimensions of samples
For the experiments, six different circular aluminium plates were used. By combining two
and two plates, different configurations of double panel absorbers were obtained. All the
plates were ti
q
2mm thick and had a diameter of 103 mm. The plates had perforations with
circular cross-section. Two types of regular grids, with b
q
17mm between the holes, were
used. Table 4.1 shows the dimensions of the plates used. To keep the plates separated during
measurements, several thin rings were cut out of copper sheets 0.11 and 0 r 30mm thick. These
rings had inner diameter 97mm and outer diameter 103 mm. It was assumed that these rings
did not significantly obstruct the flow of air through the double panel absorber.
Impedance measurements in Kundt’s tube
The impedance of the panels were measured in a standard Kundt’s tube, shown in Fig. 4.4.
The diameter of the tube is 100 mm and the sample holder diameter is 103 mm. Two plates
with different grid types were mounted in the tube so that the perforations in the front and rear
plate were at maximum distance from each other. See Figs. 4.1 and 4.2. The standardized
transfer-function method [Chung and Blaser, 1980; ISO 10534-2, 1996] was used to measure
the impedance of the absorber. The setup was basically the same as in Fig. 3.8, except that
the loudspeaker was not driven by a MLS-signal, but a white noise signal. The impedance
was calculated by Eq. (3.27) after the transfer function H12 between the microphones had
been measured. The microphones were Brüel & Kjær condenser microphones, type 4165.
The transfer function was measured with a ONO SOKKI dual channel FFT-analyzer, type
CF-940. The distance between the microphones was s
q
80mm. The distance between the
front microphone and the sample was t
q
180 mm. The lowest cut-off frequency of the tube
is approximately 2kHz [Morse and Ingard, 1968, Ch. 9.2]. For the microphone separation
used here, the article by Boden and Åbom [1986] suggests that the best accuracy is obtained
in the frequency range 212 – 1700 Hz.
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Figure 4.4: The circular Kundt’s tube used for the impedance measurements. Note that the fig-
ure has been rotated counterclockwise. The samples and the reflecting end piece are mounted
from below and are held in place by the “clamp” at the bottom. There is no visual control of
the mounted samples.
Three series of experiments were done. Tables 4.2 and 4.3 show the geometries of the
configurations in the first and third measurement series. After measurement 119, a small,
possible leakage in the reflecting end piece was sealed. The second series of experiments
(measurements 016 – 018) was done with single plates only. This was done to observe the
absorption of the perforations, without the effect of the lateral slit between the plates. The
tree plates used were plates F, D and A in Table 4.1, with perforation diameters 0.5, 1.0
and 2.0, respectively. The measuring frequency ranges were 0 – 500 Hz for measurements
001 – 018, and 50 – 1050 Hz for measurements 101 – 123.
Simulations
The panel dimensions listed in Tables 4.2 and 4.3 were also used in the simulations by the
model presented in Sec. 4.1.1. The simulations were done at 1 s 6 octave spaced points in the
frequency range 39.7 – 2016 Hz. Because the predictions of the model agreed poorly with
the measurements (see Sec. 4.1.3), simulations were not carried out for other geometries.
The absorption coefficient of the single panel absorbers were simulated by the computer
program FLAG, described on page 39. FLAG has two models for perforated panels; the MPP
model described earlier, and a simpler model which is based on the mass of the air in the
perforations, the classic mass end correction, and Ingard’s expression for the resistance in
and around the perforations (Eqs. (2.6), (2.12) and (2.31), respectively). The latter model
failed completely in predicting the resistance of the small perforations in plate F. Therefore,
the FLAG MPP model used in Sec. 3.2.3 is also used here.
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Table 4.2: Dimensions of the measured and simulated perforated double panels, first series.
See Fig. 4.2 for definition of symbols. For all geometries, d
q
95 r 5mm.
Measurement r1 r2 g
no. mm mm mm
001 (Calibration)
002 1 0 r 75 0 r 3
003 1 0 r 25 0 r 3
004 0 r 25 1 0 r 3
005 0 r 75 0 r 5 0 r 11
006 0 r 75 0 r 5 0 r 3
007 0 r 75 0 r 5 0 r 6
008 1 0 r 5 0 r 6
009 0 r 25 0 r 75 0 r 6
010 0 r 75 0 r 75 0 r 11
011 0 r 75 0 r 75 0 r 22
012 0 r 75 0 r 75 0 r 3
013 0 r 75 0 r 75 0 r 6
014 0 r 75 0 r 75 0 r 9
015 0 r 75 0 r 75 1 r 2
Table 4.3: Dimensions of the measured and simulated perforated double panels, third series.
See Fig. 4.2 for definition of symbols. For these configurations, d
q
29 r 1mm.
Measurement r1 r2 g
no. mm mm mm
101 (Calibration)
119 0 r 75 0 r 75 0 r 6
120 0 r 75 0 r 75 0 r 6
121 0 r 75 0 r 75 1 r 2
122 1 0 r 75 1 r 2
123 1 0 r 5 1 r 2
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Figure 4.5: Measured and simulated absorption coefficient of perforated double panels as
function of frequency. Perforation radius r
q
0 r 25mm for one plate. See Table 4.2 for geo-
metry definitions.
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Figure 4.6: Measured and simulated absorption coefficient of perforated double panels as
function of frequency. Perforation radius ri  0 r 5mm for both plates, and gap width g 
0 r 3mm. See Table 4.2 for geometry definitions.
4.1.3 Results
The experimental work indicated that the plate separation influenced the absorption charac-
teristics quite strongly, as was expected. Figures 4.5 to 4.8 compare the absorption coefficient
predicted by the analytical model to the measured absorption coefficient. For comparison,
Fig. 4.9 shows the measured absorption coefficient of perforated single panels. The results
have two implications:
– The model described in Sec. 4.1.1, although approximately adequate for some of the
geometries, is clearly not able to give accurate predictions of the absorption coefficient.
– The geometries of Tables 4.2 and 4.3 are clearly not suited as broadband absorbers.
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Figure 4.7: Measured and simulated absorption coefficient of perforated double panels as
function of frequency. Perforation radius ri  0 r 5mm for both plates, and gap width g 
0 r 6mm. See Table 4.2 for geometry definitions.
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Figure 4.8: Measured and simulated absorption coefficient of perforated double panels as
function of frequency. Perforation radius ri  0 r 5mm for both plates, and gap width g 
0 r 3mm. See Table 4.3 for geometry definitions.
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Figure 4.9: Measured and simulated absorption coefficient of perforated single panels as
function of frequency. See page 54 for geometry definitions.
The model handles the geometries 003, 004 and 009 very well (see Fig. 4.5). In these ge-
ometries, the holes in the front or rear plate are quite small, r
q
0 r 25mm, and the gap width is
not very small, g

0 r 3mm. The agreement between the model and the measurements is due
to the fact that in these cases the impedance of the small perforation, Eq. (4.1), is of greater
importance than the impedance of the gap (see geometry 016 in Fig. 4.9). For the geome-
tries with larger perforations, r

0 r 5mm, the agreement between model and measurements
is clearly dependent on the value of g. For large values of g (geometries 115 and 121 – 123),
the agreement is quite good, although a little shifted in frequency. For small g (geometries
005, 010 and 011), the model fails completely. The critical part of the model is Eq. (4.4), the
resistance of the gap. As mentioned in Sec. 4.1.1, this equation is not valid, and clearly un-
derestimate the resistance, when the distance between the plates is comparable to (or smaller
than) the viscous boundary layer thickness.
The geometries tested are clearly not optimal. The main part of the energy dissipation
is supposed to take place in the gap between the plates. Therefore, analogous to the MPPs,
the gap width between plates should be in the order of the viscous boundary layer thickness.
However, for the geometries where this is the case, it seems that the distance between per-
forations b is too large. In these cases, the relative resistance is significantly greater than
unity. For the geometries with larger g, the resistance of the gap is low, and the total rel-
ative resistance is less than unity. To achieve a reasonable broadband absorption, optimum
combinations of b and g, and to a lesser extent, ri, must be found.
The accuracy of the measurements, especially 002 – 018, was poor for low frequencies.
This is probably due to the small microphone separation. Because of this, the measurement
data were cut at 56Hz in all the figures above.
4.2 Slit-shaped perforations with constant separation
The initial investigation of the perforated double panel absorber was unsatisfactory. A better
model was required to predict the impedance of the gap between the plates, and more ex-
periments were required to validate the model. To simplify the geometry of the slit between
the plates, the perforations were now assumed slit-shaped. With this change in geometry, the
flow in the narrow gap between the plates becomes almost unidirectional. The impedance
of flow in a thin, infinitely long gap is given by Eq. (2.38). However, the effect of the sharp
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Figure 4.10: The geometry of the slitted double panel resonator concept (side view, not at
scale). The center-center distance between slits, b, is the same for the two plates. The offset
between the centers of the slits in the two plates is q. The gap width g is in the order of one
or two viscous boundary layers to allow viscous effects to become significant
edges of the perforations is not easily incorporated in a theoretical model. Therefore, the
Finite Difference Method was used to simulate the impedance of the gap between the plates.
The model presented below is a revised version of an initial version which did not allow lat-
eral displacement of one plate relative to the other. The initial model and some of the initial
measurements have been described earlier [Randeberg et al., 1999; Randeberg, 2000]. Be-
sides the possibility of lateral displacement and some minor changes, the initial and revised
versions are practically equivalent. Therefore, only the latter is presented below.
4.2.1 Model
The geometry of the slitted double panel absorber is shown in Fig. 4.10. As in Sec. 4.1.1,
the model considers an imaginary tube. The cross-section area of the tube, and hence the
cross-section of the cavity volume associated with a set of slits, is A
q
b  1. The impedance
Zair of the cavity behind the double panel is given by Eq. (3.5), with b2 substituted by A:
Zair q | j
za
A
cotkd
q
| j zab cotkd (4.9)
The distance between the front and rear slits is q. In this section, where the distance between
the slits is constant, q
q
b s 2. In general, q can take values in the range 0 – b, but due to
symmetry, only the range 0 – b s 2 is relevant.
The specific impedance of a slit in plate i
q
1 or 2 is given by Eq. (2.38), the total inductive
end correction of the slit is given by Eq. (2.22), and the total resistive end correction is given
by Eq. (2.33). As explained below, the full length li
q
ti is not used in the first of these
equations, but rather a length l i  li. Using only the inductive and resistive end corrections
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Figure 4.11: The geometry of the FDM model for a slitted double panel resonator. The figure
is at scale for a panel with typical dimensions. The FDM is used to solve Eq. (4.11) in the
shaded region. The symbols are explained in the text. Note the cyclic symmetry; Points to the
right of l
q
L are equivalent to points to the right of l
q
0.
of the aperture which does not face the gap, the impedance of a slit in plate i can be written
Zs w i
q
jωρ0l i
wi 
 ¡ 
1 |
tanh
~
xs
}
j 
xs
}
j ¢

1
|
wi
pi l
i
log £ sin ¤
piwi
2b ¥{¦ | j
dv
l
i § ¨© 
(4.10)
where xs is given by Eq. (2.39) with w
q
wi, and dv is given by Eq. (2.25).
As mentioned above, the impedance of the gap between the plates is calculated by the
FDM. Assuming Cartesian coordinates, the linear Navier-Stokes equation, Eq. (2.34), and
the mass conservation equation, Eq. (3.9) with φ
q
1, are written as
jωρ0u

∂ p
∂x | µ ª
∂ 2u
∂x2

∂ 2u
∂ z2 « q 0
jωρ0v

∂ p
∂ z | µ ª
∂ 2v
∂x2

∂ 2v
∂ z2 « q 0
jω p

ρ0c20 ª
∂u
∂x

∂v
∂ z « q 0

(4.11)
These equations are solved for pressure p u x

z v and velocity u u x

z v
q
u u x

z v xˆ

v u x

z v zˆ in
the region shown shaded in Fig. 4.11. The gap between the plates is divided into M vertical
steps of length ∆z
q
g s M. The imaginary tube is divided into L horizontal steps of length
∆x
q
b s L. L is determined so there are at least L1 grid points in the most narrow slit, and at
least L2 grid points in the tube. It is desirable to include the edge effects of the slits in the
FDM simulations. Therefore, the simulated region extends a length ∆zSi into the slit in plate
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i. ∆zSi is set equal to g or ti s 2, whichever is smaller:
Si
q­¬
M if g  ti2
M ti2g if g 
ti
2
(4.12)
Consequently, the reduced length in Eq. (4.10) is given by
l i
q
li | ∆zSi (4.13)
The values of M, L1 and L2 are given as input parameters to the simulation. The values of Wi
and X in Fig. 4.11 are determined by the real slit widths wi, so that wi are equal to or larger
than the width of the simulated slits, ∆xWi. X is also chosen so that X

W1 s 2

W2 s 2 is the
closest integer to q s ∆x. In those cases where a simulated slit is wider than the corresponding
real slit, i. e. if grid points at l
q
L | W1, X or X

W2 are not exactly at the real slit surfaces,
those points are treated specially, as described below.
The boundary conditions used in the simulations are
– Repeating symmetry, i. e. points at l
q
0 are the same as l
q
L:
u0 wm
q
uL wm u

1 wm
q
vL

1 wm
u1 wm q uL ® 1 wm
(4.14)
The same equations are valid with v or p instead of u. Any point at l
q
L

n is
equivalent to l
q
n.
– Constant sound pressure p0 and vertical flow in the front slit (m  0):
pl w

1 q p
0 vl w

1 q vl w 0
ul w

1 q 0
(4.15)
Equations (4.11) are linear, thus the impedance at any point is independent of p0. The
value of p0 is therefore arbitrary, and is set to p0
q
1Pa.
– Constant specific impedance zT at the boundary in the rear slit (m
q
T ), and vertical
flow in the rear slit (m ¯ T ):
pl w T q zT vl w T vl w T ® 1 q vl w T
ul w T ® 1 q 0 pl w T ® 1 q pl w T
(4.16)
Here, zT
q
w2 ¤ Zair

Zs w 2
¥
.
– All surfaces are hard, and there is no slip of the viscous flow:
∂ p
∂n




surface
q
0 u ° surface q 0

(4.17)
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where ∂ p s ∂n is the derivative of the pressure in the direction of a vector n normal to
any surface. One exception was made to the “no slip” condition, as the velocity was
allowed to be non-zero at the corners of the slits.
The symmetry makes it easy to handle situations where l
q
L (i. e. l
q
0) is inside the rear
slit: In such cases, points outside the interval l
q
1 – L are wrapped inside. Analogous to
the method used in Sec. 3.1.3, points more close to the surface than a normal horizontal grid
length ∆x are treated specially. The number ηm is defined as the ratio of the point – surface
distance to the grid length, for grid line m. The pressure at the special points, e. g. at l
q
X , is
calculated by [Crandall, 1956]
pl wm q pl ® 1 wm

(4.18)
and the particle velocity is calculated by
uX wm
q
ηm
1

ηm
uX ® 1 wm (4.19)
Analogous equations are used for the other surfaces, l
q
L | W1 and l q X

W2.
The output of the FDM is the pressure and velocity distribution in the gap between the
plates and inner parts of the slits. The average acoustic impedance at the entry of the front
slit is given by the specific impedance at m
q
0 and the acoustic impedance of the front slit,
including end corrections (Eq. (4.10)):
Zdp q
1
w1 u B1

1 v
L
∑
l  L

B1
pl w 0
vl w 0

Zs w 1 (4.20)
The absorption coefficient of the slitted panel absorber is given by Eq. (4.8), with A
q
b  1.
As with the FDM model used to simulate the microhorns in Sec. 3.1.3, the accuracy of the
model presented here is limited by the available computing resources. As the gap between
the plates is the most important parameter in determining the characteristics of the double
panel absorber, the number M of vertical steps cannot be too small. However, the slits are
typically ten times wider than g, thus it is not feasible to require that ∆x t ∆z. The number of
x-steps in the inner parts of the slits may therefore not be optimal. Additionally, the boundary
conditions at the boundary between the FDM model and the analytical expressions in the
slits may induce some errors. A constant, average specific impedance is used in both slits.
The errors introduced by these assumptions are probably much less than the error that would
be caused by not including the inner parts of the slits (and hence the velocity field near the
corners) in the FDM model.
4.2.2 Measurements and simulations
Dimensions of samples
For the experiments, 12 different aluminium plates were used. The plates were combined
in pairs to form a number of double panel configurations. The diameter of the plates was
103 mm. The plates had regularly spaced, slit-shaped perforations. Table 4.4 shows the
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Table 4.4: Slit width w, slit separation b, plate thickness t and slit configuration for plates
used for measurements. Two kinds of slit configurations were used; “X”, where the diagonal
of the plate was slitted, and “O”, where the diagonal of the plate was not slitted.
Plate w t b Slit configuration
mm mm mm
A 1 1 15 O
B 1 r 5 1 15 O
C 1 r 5 2 15 O
D 1 r 5 2 15 X
E 3 2 15 O
F 3 2 15 X
G 2 3 15 X
H 3 3 15 X
I 1 1 20 X
J 1 r 5 2 20 X
K 1 r 5 2 20 O
L 2 3 20 O
dimensions of the plates used for measurements. The same type of thin, annular copper rings
as described in Sec. 4.1.2 were used to keep the plates separated during measurements. The
dimensions of the rings were the same as before, i. e. 0.11 and 0 r 3mm thick.
Impedance measurements in Kundt’s tube
The impedance of the panels were measured in the same standard Kundt’s tube that was
used to measure the perforated double panels. See Fig. 4.4. Two plates with different slit
configurations (centered and non-centered) were mounted in the tube so that the slits of the
front and rear plates were parallel to each other. Thus, the value of q in Fig. 4.10 was b s 2
for these measurements. One or more of the annular rings were placed between the plates to
keep them separated at a given distance g. The measurement method and setup was almost
identical to what was used in Sec. 4.1.2. However, the distance between the microphones
was now s
q
200 mm, and the distance between the front microphone and the sample was t
q
300 mm. For this microphone separation, the best accuracy is obtained in the frequency range
85 – 680 Hz [Boden and Åbom, 1986]. The distance d to the hard back wall was 95 r 5mm.
Two series of experiments were conducted, the frequency range of which were 50 –
550 Hz and 100 – 600 Hz, respectively. To test the sensitivity to plate concavity, all the second
series measurements were repeated with the front plate turned back to front. Three gap widths
g were tested; 0.11, 0.22 and 0 r 52mm, using an appropriate combination of the copper rings.
Tables 4.5 and 4.6 summarizes the dimensions of the measured double panels.
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Table 4.5: Dimensions of the measured slitted double panels, first series. See Fig. 4.10 for
definition of symbols. For all geometries, b
q
15mm and q
q
7 r 5mm.
Measurement g t1 t2 w1 w2
no. mm mm mm mm mm
000 (Calibration)
001 0.52 1.0 2.0 1.0 1.5
002 0.22 1.0 2.0 1.0 1.5
003 0.11 1.0 2.0 1.0 1.5
004 0.11 1.0 2.0 1.5 1.5
005 0.11 2.0 3.0 3.0 3.0
006 0.22 2.0 3.0 3.0 3.0
007 0.11 2.0 3.0 3.0 2.0
008 0.22 2.0 3.0 3.0 2.0
009 0.11 1.0 3.0 1.5 3.0
010 0.22 1.0 3.0 1.5 3.0
011 0.11 1.0 3.0 1.0 2.0
012 0.22 1.0 3.0 1.0 2.0
Table 4.6: Dimensions of the measured slitted double panels, second series. See Fig. 4.10 for
definition of symbols. Measurements 101 – 104 had b
q
15mm and q
q
7 r 5mm. Measure-
ments 105 – 107 had b
q
20mm and q
q
10mm.
Measurement g t1 t2 w1 w2
no. mm mm mm mm mm
100 (Calibration)
101 0.11 2.0 3.0 3.0 3.0
102 0.22 2.0 3.0 3.0 3.0
103 0.11 2.0 3.0 1.5 3.0
104 0.22 2.0 3.0 1.5 3.0
105 0.22 1.0 3.0 1.0 2.0
106 0.11 2.0 2.0 1.5 1.5
107 0.22 3.0 2.0 2.0 1.5
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Table 4.7: Simulation parameters used in the FDM model of the slitted double panels. See
page 60 for definition of symbols.
M 10 Number of z-steps in gap between plates
L1 10 Minimum number of x-steps in the most narrow slit
L2 50 Minimum number of x-steps in the gap between the plates
Simulations
Because the gap width is a very critical parameter, several values of g were used in the sim-
ulations while the other parameters from Tables 4.5 and 4.6 were kept constant. The values
that were used are not tabulated here, but are given together with the results in Sec. 4.2.3.
The simulation parameters used are shown in Table 4.7. These values were found to give a
good compromise between simulation time and accuracy. The simulations were done at 1 s 3
octave spaced points in the frequency range 39.7 – 2016 Hz.
To compare the double panel resonator with the MPPs, the absorption of two MPPs were
calculated using the FLAG program (see page 39). For the FLAG calculations, the perfo-
ration separations were chosen to give approximately the same resonance frequency as the
resonance frequencies of the double panel with which the MPPs are compared. MPP A had a
0.65% perforation, and MPP B had a 0.39% perforation. The panel thickness was 1mm, and
the perforation radius was 0 r 5mm. The same back cavity thickness as used during measure-
ments, d
q
95 r 5mm, was assumed. The simulations were done at 1 s 30 octave spaced points
in the frequency range 35 – 1094 Hz.
4.2.3 Results
Both the experiments and the simulations shown in Figs. 4.12 to 4.14 show that the absorp-
tion characteristics are very dependent on the gap width g between the plates. The most
important observation that can be drawn from these figures is that an optimum value of g ex-
ists, for which the panel absorber has a high absorption and a relatively large bandwidth. The
bandwidth of the resonance increases when g decreases, while the absorption at resonance,
α0, has a maximum value for some value of g. The situation is analogous to the case with
MPPs, discussed by Maa [1987, 1998] (see Sec. 2.4.1). If the gap g between the plates is
considered analogous to the perforation diameter r, the following observations can be made.
For a small value of g, the relative resistance θ is high, because θ increases proportionally to
1 s g4 (see Eq. (2.50)). Thus, a decrease in g increases the bandwidth, as illustrated by Fig. 2.9.
On the other hand, the maximum absorption coefficient of Eq. (2.52), with θ t Y s g4, is
α0 t
4Y
¤ g2

Y
g2
¥
2

(4.21)
where Y is a constant. Thus, α0 has a maximum for g t
4
}
Y . The simulation results confirm
these effects. The maximum resonance absorption seems to occur at a gap width a little higher
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Figure 4.12: Measurements and simulations of slitted double panels. Absorption coefficient
as function of frequency for different gap widths g. See Table 4.5 for geometry definition.
Measured gap width was g
q
0 r 52mm. Simulated gap widths:  , g
q
0 r 52mm; , g
q
0 r 58mm. The sharp peaks at about 500 Hz are due to plate resonances.
005
50 100 500 10000
0.5
1
106
50 100 500 10000
0.5
1
Figure 4.13: Measurements and simulations of slitted double panels. Absorption coefficient
as function of frequency for different gap widths g. See Tables 4.5 and 4.6 for geometry
definitions. Measured gap widths were g
q
0 r 11mm. Simulated gap widths:

, g
q
0 r 11mm;
±
, g
q
0 r 14mm.
than 0 r 22mm. Also note that some of the double panel measurements show sharp peaks at
about 500 Hz. These peaks are due to plate resonances in the relatively thin plates (1mm)
used in some of these double panels. As this resonance is narrow, and also not close to the
Helmholtz resonance, it should not invalidate the measurements.
The simulations by the FDM model described in Sec. 4.2.1 correspond reasonable well
with the measurements. The discrepancy in the maximum absorption is in some cases mainly
caused by inaccuracy in the value of g. The plates are never completely plane, and may be
slightly concave or convex. As showed by the simulations, a small deviation in g can signifi-
cantly alter the value of α0. The sensitivity to variations in g, and thus the influence of plate
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Figure 4.14: Measurements and simulations of slitted double panels. Absorption coefficient
as function of frequency for different gap widths g. See Tables 4.5 and 4.6 for geometry defi-
nitions. Measured gap widths were g
q
0 r 22mm. Simulated gap widths:

, g
q
0 r 22mm;
±
,
g
q
0 r 24mm; ² , g
q
0 r 26mm. The sharp peaks at about 500 Hz are due to plate resonances.
concavity appear to be less for the large plate separation g
q
0 r 52mm. The gap width also in-
fluences the resonance frequency. Figure 4.15 shows all measurements, except measurement
001 where g
q
0 r 52mm. The results, especially those for b
q
15mm, show that the measured
resonance frequencies divide into two groups. This grouping is mainly determined by the gap
width. Within each group of curves, the ratio of maximum and minimum air volume in the
slits and in the gap up to 3:1. This variation in air volume (i. e. resonator mass) influences the
resonance frequency relatively little. On the other hand, for each pair of configurations where
only g differs, the variation in total air volume is about 10 %, while the difference in reso-
nance frequency is large. Consequently, the effective resonator mass is mainly determined by
the effective density of the air in the gap, and only slightly dependent on the air volume in the
gap and the slits. This may also be confirmed by approximating the effective mass of the slits
and the gap by the imaginary part of Eq. (2.38). Table 4.8 shows the results for some typical
dimensions. The results have two implications: Firstly, the total effective mass of the slits is
much less than the effective mass of the gap between the plates. Therefore, the influence on
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Measurements with b
q
15mm
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Figure 4.15: Measurements of slitted double panels. Absorption coefficient as function of
frequency for different gap widths g. All measurements in Tables 4.5 and 4.6 are shown,
except for measurement 001. , g
q
0 r 22mm; , g
q
0 r 11mm.
Table 4.8: Effective mass for typical slit and gap widths. Calculated by imaginary part of
Eq. (2.38), with f
q
200 Hz and b
q
15mm.
Length Width Effective mass
mm mm g/m2
l
q
t
q
1 1 r 0 0 r 316
3 r 0 0 r 097
l
q
b s 2
q
7 r 5 0 r 14 17 r 8
0 r 26 9 r 6
the resonance frequency is small. Secondly, the square root of the ratio of effective mass of
the gap is 1.36. This is close to the ratio of typical resonance frequencies of the two groups
of curves in Fig. 4.15, i. e. 310 and 230 Hz. The predicted resonance frequencies in Figs. 4.12
to 4.14 are generally a bit high compared with measurements. Like the discrepancy in α0, this
may in some cases be caused by non-planar plates, leading to a deviation in the value of g.
However, because the predicted f0 is generally too high, it seems that the effective resonator
mass of the model is a little too low for most of the configurations. One reason for this may
be that the FDM grid size is too large, so that the effective mass in the gap, especially near
the edges of the slits, is not calculated correctly.
To investigate the effect of plate concavity, the second series of measurements was re-
peated with the front plate turned back to front. The effect of this is shown in Fig. 4.16. As
shown, the turning of the front plate may lead to an increase or a decrease in α0, or it may
have no effect at all. The effect depends on the shape of the plates, and the sensitivity is
largest for small values of g.
Figure 4.17 illustrates the effect of the slit distance b, when all other parameters (except
4.2 Slit-shaped perforations with constant separation 69
101 (Front plate E)
50 100 500 10000
0.5
1
104 (Front plate C)
50 100 500 10000
0.5
1
106 (Front plate J)
50 100 500 10000
0.5
1
107 (Front plate L)
50 100 500 10000
0.5
1
Figure 4.16: Measurements of slitted double panels. Absorption coefficient as function of
frequency with and without reversion of front plate. See Table 4.6 for geometry definitions.
, front plate normal; , front plate reversed.
q which equals b s 2) are kept constant. Due to the higher cavity volume per slit for higher b,
the shift towards lower frequencies is expected. The reduction of α0 for b q 20mm indicates
that the resistance in this case is too large. Thus, there exists an optimum value of b for a
given plate separation g.
Figure 4.18 compares the absorption of some of the double panel measurements with
FLAG simulations of some typical MPPs. See Sec. 4.2.2 for dimensions of the MPPs. The
high correspondence between the simulation of MPP A and the measurement of configura-
tion 008 is a coincidence, but shows that the two concepts may have comparable absorption
characteristics. Note that the dimensions of the measured double panels presented in this
section have not been optimized.
70 Double panel absorbers
50 100 500 10000
0.5
1
Figure 4.17: Measurements of slitted double panels. Absorption coefficient as function of
frequency for different values of b. See Tables 4.5 and 4.6 for geometry definitions. ,
measurement 012; , measurement 105.
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Figure 4.18: Measurements of slitted double panels compared with simulations of MPPs.
Absorption coefficient as function of frequency. See Table 4.5 and page 65 for geometry
definitions. Left graph: , measurement 008; , measurement 002;

, MPP A. Right
graph: , measurement 009; , measurement 003;

, MPP B.
4.3 Slit-shaped perforations with adjustable separation
The results of the preceding section indicated that the double panel absorber could have ab-
sorption characteristics comparable to or better than those of MPPs. Further investigation
was necessary. The availability of a Kundt’s tube with a square cross-section made it possi-
ble to experimentally investigate the effect of relative lateral displacement of the slits in the
two plates. This section presents measurements and simulations of this effect. A complete
investigation of the effect of all eight geometry parameters is also presented.
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4.3.1 Model
The model used in this section was presented in Sec. 4.2.1. The value of the slit separation q
is in the range 0 – b s 2. The limits of this interval correspond to what will be called the “open”
and “closed” states of the double panel absorber.
4.3.2 Measurements and simulations
Dimensions of samples
Four slitted double panels were produced for measurements. The dimensions of the panels
are listed in Table 4.9. The panels were made of steel. To allow the plates to move relative to
each other, while keeping a constant distance between the plates, thin strips of copper were
glued to the front plate. The rear plate was fastened with screws to the front plate through
short slits in the rear plate. Fig. 4.19 shows panel sample C in the “open” position. One
of the objectives of the measurements on these samples was to investigate the influence of
panel vibrations on the absorption characteristics. Thus, unlike the microhorn samples, no
supporting bars were used.
Impedance measurements in Kundt’s tube
The specific impedance at normal sound incidence of the adjustable, slitted double panel
samples was measured using the same square Kundt’s tube and equipment that was used for
measurements on microhorns. See Sec. 3.2.2. The transfer function method was used as
before. In addition, to measure the influence of panel vibration, a Polytec OFV-2200 laser
vibrometer was used [Polytec, 1999] to measure the vibration velocity at several positions
on the plates. The vibrometer outputs a voltage proportional to the velocity amplitude in the
direction of the laser beam. During the measurements described here, the laser beam was
approximately normal to the panel surface. Therefore, the output voltage was assumed to be
approximately proportional to the normal velocity. Figures 4.20 and 4.21 show an overview
of the measurement setup, and a sketch showing the relevant dimensions. The distances t
and s were the same as in Sec. 3.2.2, that is t
q
310 mm, and s
q
150 mm. The sample was
Table 4.9: Dimensions of the measured adjustable, slitted double panels. See Fig. 4.10 for
definition of symbols. All plates were 0 r 7mm thick.
Panel g b w1 w2 q
mm mm mm mm mm
A 0.25 14 3.0 3.0 0, 3, 5, 6 and 7
B 0.45 42 7.0 7.0 0, 4, 7, 10, 13, 16, 19 and 21
C 0.10 10 3.0 3.0 0, 2, 2.5, 3, 3.5, 4 and 5
D 0.12 10 2.0 2.0 0, 1, 1.5, 2, 2.5, 3, 4 and 5
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Figure 4.19: Sample of adjustable slitted panel absorber, mounted to the sample holder. The
panel is in the “open” position, and is seen from the rear side. Three of the five thin copper
strips which keep the plates separated can be seen. These strips were glued to the front plate.
fastened to the sample holder with screws, as shown in Fig. 4.19. Three values of the back
cavity depth d were used; 300, 150 and 75mm.
For a given transfer function between the microphones, H12, the specific impedance was
calculated by Eq. (3.27). The transfer function H12 was measured by the computer program
WinMLS, described in Sec. 3.2.2. All four of the sound card channels were used here; one for
the output MLS-signal, two for the microphone signals, and one for the velocity signal from
the laser. For all measurements and calibrations, the measurement parameters were the same
as in Sec. 3.2.2: The sampling rate was 11025 Hz, the sequence order 14, and the number of
averages was 16.
To relate the measured plate vibration quantitatively to the dips and peaks in the absorp-
tion coefficient as function of frequency, the measured velocity was normalized with a factor
proportional to the incident sound intensity. As given by Vigran [1985], the incident intensity
is a function of H12:
Ii ∝ ³ exp u jks v#| H12 ´ 2

(4.22)
where k
q
ω s c is the wavenumber and s is the microphone distance. Then the normalized
velocity is given by
vsf q
Hlaser
³
exp u jks v#| H12 ´ 2 
(4.23)
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Figure 4.20: The Kundt’s tube, with microphone amplifiers to the left. The piston, which con-
stitute the back wall of the tube, is made of thick glass, with a frame of aluminium. Thus, the
laser at the rear end has an almost complete view of the mounted sample. In the background
can be seen the anechoic end piece used during the calibration.
w/ sample
sample holder
t
MLS-signal
WinMLS
s
end piecemic. 1 mic. 2
d
laser
Figure 4.21: The setup used for normal incidence impedance and vibration velocity mea-
surements of the slitted double panel. The transfer function between the microphones and
the vibration normalized velocity, Eq. (4.23), was calculated by the computer programs Win-
MLS [Morset Sound Development, 1999] and Qintv (Sec. A.4). During all measurements,
t
q
310 mm and s
q
150 mm. Three values of d were used; 300, 150 and 75mm.
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where Hlaser is the Fourier transform of the measured velocity impulse response.
Simulations
The geometries in Table 4.9 were simulated by the model presented in Sec. 4.2.1. Alternative
values of the gap width g were also simulated. These values are given together with the
results. A comprehensive set of simulations was also carried out to investigate the influence
of all the eight geometry parameters (w1, w2, t1, t2, b, q, g and d in Fig. 4.10). For all the
FDM simulations, the simulation parameters were the same as in the preceding section, given
in Table 4.7. The simulations were done at 1 s 3 octave spaced points in the frequency range
39.7 – 2016 Hz, and also for the frequency f
q
2194 Hz, corresponding to λ
q
d.
To compare the slitted double panel resonator with MPPs, the absorption of two MPPs
were calculated using the FLAG program (see page 39). As before, the perforation sepa-
rations were chosen to give approximately the same resonance frequency as the resonance
frequencies of the double panels. MPP A had a 0.94% perforation, and MPP B had a 0.76%
perforation. The panel thickness was 1mm, and the perforation radius was 0 r 5mm. The back
cavity thickness d
q
150 mm. The simulations were done at 1 s 30 octave spaced points in the
frequency range 35 – 1094 Hz.
4.3.3 Results
Note: To increase the readability, all length dimensions in the rest of this section are given
without units. Unless otherwise stated, all lengths are given in millimeters. Also note that
the plate thickness t or the slit width w are given without indices when one or both of these
dimensions are the same for both plates.
Velocity profiles
The Finite Difference model that was applied to the inner parts of the slits and to the gap
between the plates, is a linear model. The assumption of linearity fails if the velocity in the
resonator neck is above a certain level. As mentioned in relation to Eq. (4.15), the driving
pressure of the model was arbitrarily set to 1Pa (or 94 dB). Note that this is the assumed
sound pressure inside the front slit, at m
q
0 in Fig. 4.11. Based on this, the maximum values
of the horizontal and vertical velocity u and v were calculated for one typical geometry. The
results are presented in Table 4.10. The maximum velocity, 5cm s s is the horizontal velocity
in the gap between the plates when the resonator is in the “closed” state, and the frequency
equals the resonance frequency. This velocity was found to be a factor 100 lower than the
velocity which mark the onset of nonlinearity, as discussed in Sec. 2.3.2. Thus, assuming
that the sound pressure in the front slit is not significantly lower than the driving pressure, the
linear model should be valid for sound pressure levels up to about 134 dB.
Figure 4.22 shows the calculated velocity fields for the geometries and frequencies listed
in Table 4.10. The velocity has a horizontal component some distance inside the slits, espe-
cially in the rear slits. This justifies the extension of the FDM a distance ∆zSi into the slits.
In general, the velocity profiles in the slits and in the gap between the plates have the quali-
tative properties described by Craggs and Hildebrandt [1984] (see page 14). The dimension
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Figure 4.22: Velocity fields of adjustable slitted double panels. The rear slit is up in the
figures. The geometries and frequencies are the same as in Table 4.10. Note that to increase
clarity, only every second grid point has been included. Also note that the scales in the figures
differs by a factor 1000. Please refer to Table 4.10 to compare the velocities.
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Table 4.10: Calculated maximum velocities of a typical slitted double panel in the “open”
(q
q
0) and “closed” (q
q
6) states. The other geometry parameters were: w
q
2, t
q
1, g
q
0 r 16, b
q
12 and d
q
155. The rows in bold typeface represents calculations for frequencies
near resonance. The frequency 2194 Hz corresponds to d
q
λ .
f q u (max) v (max)
Hertz mm cm/s cm/s
50 0 0 r 007 0 r 005
550 0 0 r 5 1
2194 0 0 r 009 0 r 001
50 6 0 r 7 0 r 1
300 6 5 1
2194 6 0 r 01 0 r 002
of the gap in this example is of the order of the viscous boundary layer thickness, and so the
velocity profile in the gap is parabolic. The slit widths are large compared to the boundary
layer thickness, so the velocity profiles there have a flat central part. This is best observed in
the front slit, where the horizontal velocity components are less dominant than in the rear slit.
The shapes of the velocity fields in the “closed” state are surprisingly similar for the low
frequency, f
q
50Hz and the resonance frequency, f
q
f0 q 300 Hz, although the difference
in magnitude is about 10, according to Table 4.10. The frequency f
q
2194 Hz corresponds
to λ t d, i. e. a standing wave in the back cavity. For this frequency, there is almost no net
flow in the resonator neck. The relatively low velocities listed in the table correspond to the
“rotational” flow that can be seen in the figure. The effect of the standing wave is also evident
in the “open” state for the same frequency. It is interesting to note that at resonance, the max-
imum vertical velocity (corresponding to the velocity of the flow in the slits) is equal for the
“closed” and “open” states of the double panel resonator. However, the horizontal velocities
differs by a factor of 10. As the viscous energy dissipation is proportional to the square of
the velocity to a surface, it is clear that the slits contributes very little to the dissipation of the
sound energy.
Effect of geometry parameters
The results discussed in Sec. 4.2.3 gave an indication of the relative importance of the many
geometry parameters used in the model. As the model was verified to be in reasonably accor-
dance with experiments, a large series of simulations was done to systematically evaluate the
effect of all eight geometry parameters. The main results of these simulations are presented
in the following paragraphs.
Symmetry of plates The velocity fields in the slits were expected to be similar, so it was
assumed that the plates should be interchangeable. An exchange of plates should not alter the
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Figure 4.23: Effect of exchange of plates of different thickness and with different slit widths.
Absorption coefficient as function of frequency. See Fig. 4.10 for definition of symbols. For
both graphs, b
q
12, q
q
6, d
q
75 and g
q
0 r 16. Left graph: , t1 q 1 and t2 q 2; ,
t1 q 2 and t2 q 1. Right graph: , w1 q 1 and w2 q 2; , w1 q 2 and w2 q 1.
absorption characteristics. However, as demonstrated above, the velocity fields in the front
and the rear slits were not completely similar. Figure 4.23 shows the effect of an exchange of
plates of different thickness and with different slit widths. This figure shows that the plates of
different dimensions are not completely symmetric, but the difference is so small that there
is probably no need to consider this effect as part of a design process. To exclude the small
effect of asymmetry, all the other geometries presented here had t
q
t1
q
t2 and w
q
w1
q
w2.
Effect of slit width and plate thickness Figure 4.24 shows the effect of a change in the plate
thickness t and the slit width w. Simulations were also done with t
q
2 and w
q
2. These
results are excluded to simplify the figure. By comparing the left column with the right
column of Fig. 4.24, it is clear that the plate thickness is practically insignificant, at least
for the relatively normal thicknesses considered here. This has the practical consequence
that the plate thickness can be chosen solely on the basis of physical requirements. The
slit width, on the other hand, may seem to have a significant influence on the absorption
characteristics, according to the graphs in Fig. 4.24. This is probably not the case. As seen
from Fig. 4.10 on page 59, the effective length of the gap between the front slit and the rear
slit is q | w1 s 2 | w2 s 2 q q | w. A change in w will therefore change the effective gap length
equivalently. By comparing the top left graph in Fig. 4.24 with the middle left graph in
Fig. 4.27, the effect of w may be compared with the effect of q.
Effect of plate separation The plate separation was expected to be the most important pa-
rameter. The discussion in the beginning of Sec. 2.2 and the results of Sec. 4.2.3 indicate that
for a given value of b (or q), there exists an optimum value of g. The existence of this opti-
mum is confirmed by the graphs in Fig. 4.25. To increase the clarity, each graph includes only
every third of the geometries that were simulated. The graphs clearly indicate the optimum
value of g for the three values of b simulated. As expected, the optimum value of g increase
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Figure 4.24: Effect of plate thickness and slit width. Absorption coefficient as function of
frequency. See Fig. 4.10 for definition of symbols. For all graphs, d
q
75 and q
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b s 2. ,
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Figure 4.25: Effect of plate separation. Absorption coefficient as function of frequency. See
Fig. 4.10 for definition of symbols. For all graphs, w
q
2, t
q
1 and q
q
b s 2. The curves
correspond to plate separations g
q
0 r 10, 0 r 16, 0 r 22, 0 r 28, 0 r 34, 0 r 40, 0 r 46, 0 r 52 and 0 r 58.
Thicker lines correspond to larger values of g.
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for larger values of b, and is independent of d. However, the absorption bandwidth decreases
for larger values of b. Thus, if high absorption over a large frequency range is required, the
plate separation is limited to a rather low value. The resonance frequency increases when g
increases, due to the reduction of the effective mass.
Effect of center-center distance between slits The effect of variation in the center-center
distance between slits is shown in Fig. 4.26. These results are similar to those in Fig. 4.25,
and shows that for a given g there exists an optimum value of b. As discussed above, a larger
value of g corresponds to a larger optimum b, at the cost of a reduced absorption bandwidth.
The resonance frequency decreases when b increases. Simulations with g
q
0 r 40 are not
included in Fig. 4.26. These simulations showed the same tendency as g
q
0 r 20, with the
maximum absorption coefficient occurring at b
q
22.
Effect of slit separation Figure 4.27 shows the effect of variation in the slit separation, i. e.
the lateral distance q between the centers of the front and rear slits. As shown in Fig. 4.26,
for g
q
0 r 16 the maximum absorption corresponds to b
q
8. Thus, for b
q
12 the absorption
is maximum for a slit separation q  b s 2, while for b
q
6, the slit separation b s 2 gives the
largest possible absorption. If b is larger than the optimum value, the optimum value of q
is less than b s 2. As with g and b, a change in q causes a frequency shift. As shown in the
middle left graph, this can be used to make a resonator with shiftable resonance frequency.
Summary It has been found that for the slitted double panel absorber, the plates are in-
terchangeable. For plates of normal thickness, the thickness of the plates is of no practical
significance. A change in the slit width, or a change in the lateral distance between the front
and rear slits both cause a change in the effective length of lateral gap. For a given applica-
tion, there exists an optimum combination of this effective gap length and the gap width. A
change in plate separation g, center-center distance between slits b, or slit separation q may
cause a significant change in the maximum absorption, absorption bandwidth or resonance
frequency. As described in Sec. 4.3.2, the slit separation can be easily by changed. Thus,
the adjustable slitted panel concept offers the possibility of resonators where the maximum
absorption or the resonance frequency can easily be changed.
Panel vibrations
As stated earlier, one of the objectives of the measurements described here was to evaluate
the influence of panel vibrations on the absorption characteristics. Figures 4.28 and 4.29
shows the modulus and phase of the measured normalized vibration velocity as function of
frequency for several positions and configurations. All these measurements were done on
panel A, defined in Table 4.9. The first four peaks, in the frequency range 20 – 55Hz, seems
to be practically equal for all graphs, and are probably an artifact of the measuring system.
The main vibration mode of the panel, at 77Hz, shows the expected characteristics; The
vibration velocity is smaller near the edge of the panel than it is at the center. The velocity is
larger for a deeper back cavity. When the panel is in the “open” state, the vibration velocity
becomes significantly smaller. This is in accordance with what was reported by Tanaka and
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Figure 4.26: Effect of center-center distance between slits. Absorption coefficient as function
of frequency. See Fig. 4.10 for definition of symbols. For all graphs, w
q
2, t
q
1 and q
q
b s 2.
The curves correspond to center-center distance between slits, b
q
6, 8, 10, 12, 14, 16, 18,
20, 22 and 24. Thicker lines correspond to larger values of b.
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Figure 4.27: Effect of slit separation. Absorption coefficient as function of frequency. See
Fig. 4.10 for definition of symbols. For all graphs, w
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75. The curves
correspond to slit separations q
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correspond to larger values of q.
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Figure 4.28: Measured panel vibration for some measuring positions and panel states. Mod-
ulus of normalized vibration velocity as function of frequency. The ordinate has been scaled
so that the maximum value equals 1. The measurements were done on panel A (see Table 4.9).
, front plate; , rear plate.
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Figure 4.29: Measured panel vibration for some measuring positions and panel states. Phase
of normalized vibration velocity as function of frequency. The measurements were done on
panel A (see Table 4.9). , front plate; , rear plate.
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Figure 4.30: Modulus of normalized panel vibration velocity and absorption coefficient as
function of frequency. See Table 4.9 for geometry definitions. The back cavity depth was
d
q
150 for both panels. The velocity, measured at the center of the panel, has been scaled
so that the maximum value equals 1. , vibration velocity; , absorption coefficient.
Takahashi [1999] for perforated panels with large openings (see page 21). The graphs show
that the vibration velocities of the two plates seem to have the same amplitude and, as shown
in Fig. 4.29, practically the same phase. Consequently, the plate separation is not influenced
by panel vibrations. Figure 4.30 compares the vibration modes with the dips and peaks of
the absorption coefficient for two different panels. It is evident that the panel resonances
may influence the absorption coefficient significantly, especially for panel resonances with
frequencies near the Helmholtz resonance. It is also worth noting that panel resonances below
the Helmholtz resonance result in dips in the absorption coefficient, while panel resonances
above the Helmholtz resonance result in absorption peaks. This is probably due to the relative
phase of the panel vibration velocity and the particle velocity in the panel openings. When
these velocities are in phase, the particle velocity in the panel openings (i. e. the velocity
relative to the panel) is smaller. The result is a decrease in the energy dissipation and a dip in
the absorption coefficient.
Sample measurements and simulations
Figures 4.31 and 4.32 compares the measured and simulated absorption coefficient for the
panels listed in Table 4.9. The panels were in the “closed” state. The agreement between
measurements and simulations is relatively good for panels A and B. For panels C and D,
however, the real, average gap separation seem to have been significantly different from what
was assumed and listed in Table 4.9. In the case of panel C, this discrepancy could be ob-
served visually. In an attempt to estimate the real, average gap width, several different values
of g were simulated. The plotted simulations g
q
0 r 22 for panel C and g
q
18 for panel D had
the best agreement with measurements. Subsequent simulations of panel D (see Figs. 4.33
and 4.34) have used g
q
0 r 18.
The measured and simulated effect of a variation in the slit separation q is shown in
Fig. 4.33. Note that the curves have been cut at 100 and 850 Hz to exclude the effects of the
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Figure 4.31: Simulations and measurements of slitted double panels. Absorption coefficient
as function of frequency. See Table 4.9 for geometry definitions. All panels were in the
“closed” state. Left column: measured gap width g
q
0 r 25, simulated gap width:

, g
q
0 r 25. Right column: measured gap width g
q
0 r 45, simulated gap width: ² , g
q
0 r 45.
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Figure 4.32: Simulations and measurements of slitted double panels. Absorption coefficient
as function of frequency. See Table 4.9 for geometry definitions. All panels were in the
“closed” state. Left column: measured gap width g
q
0 r 10, simulated gap widths: , g
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0 r 10;
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0 r 22. Right column: measured gap width g
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0 r 12, simulated gap widths:
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Figure 4.33: Simulations and measurements of slitted double panels. Absorption coefficient
as function of frequency for several values of q. See Table 4.9 for geometry definitions. The
back cavity depth was d
q
150 for both panels. For panel A, the curves correspond to slit
separations q
q
0, 3, 5, 6 and 7. For panel D, the curves correspond to slit separations q
q
0,
1, 2, 2 µ 5, 3, 4 and 5. Thicker lines correspond to larger values of q.
main vibration mode of the panel and higher order modes in the Kundt’s tube. As shown in
Fig. 4.27, the absorption coefficient can be very sensitive to variations in q for intermediate
values of q. Thus, some of the discrepancy between the simulations and measurements for
intermediate values of q may be due to inaccuracies in the measured value of q. The general
behavior with varying q is predicted by the simulations with a reasonable degree of accuracy.
Figure 4.34 compares the absorption coefficients of the “best” slitted double panels (panel
A and D) with simulations of typical MPPs. The comparison with MPPs confirms the poten-
tial of the slitted double panel absorber. The results presented in Figs. 4.33 and 4.34 were the
motivation for the work to be described in the next section.
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Figure 4.34: FLAG simulations of MPPs and measurements of slitted double panels. Absorp-
tion coefficient as function of frequency. See Table 4.9 and page 74 for geometry definitions.
The back cavity depth was d ¶ 150 for all panels. , measured absorption coefficient;

,
MPP A; ² , MPP B.
4.4 Adjustable slitted panel absorber
The double panel absorber with adjustable slit separation seemed to have absorption char-
acteristics equivalent to or better than typical microperforated panels. However, all mea-
surements and simulations described in the preceding sections are valid for normal sound
incidence only. This section describes the investigations on the double panel absorber in a
diffuse sound field.
4.4.1 Model
The relative, specific impedance of an air cavity in front of a hard wall is
ζair u β v·¶
| j
cosβ cot u kd cosβ v

(4.24)
where β is the angle of incidence and d is the thickness of the cavity. If a locally reacting
perforated panel, i. e. a panel with impedance independent of the angle of sound incidence, is
placed in front of the air cavity, the impedance becomes
ζ u β v¸¶
³
u θ

jωχ v

ζair u β v ´ cosβ

(4.25)
where θ and χ is the relative, specific resistance and reactance of the perforated panel. The
absorption coefficient of the system is given by
α u β v¸¶ 4ℜ u ζ v
° ζ ° 2

2ℜ u ζ v

1

(4.26)
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and the absorption coefficient in a diffuse sound field is given by the integral of α u β v [see
e. g. Morse and Ingard, 1968, Ch. 9.5]:
αst ¶º¹
2pi
0
dβ  ¹ pi » 2
0
α u β v sinβ cosβ dβ (4.27)
This integral may be approximated by
αst ¶ 2pi
M
∑
m  1
α u βm v sinβm cosβm ∆β

(4.28)
where ∆β ¶ pi ¼ 2M, and βm ¶ m∆β , and M is an integer.
For simplicity, the slitted double panel considered in this chapter is assumed to be locally
reacting so that the theory above is applicable. However, the panel resistance θ and reac-
tance χ are not explicitly given by the model described in Sec. 4.2.1. As shown in relation
to Eq. (4.16), the impedance in front of the panel is dependent on the input parameter zT ,
which is dependent on the impedance of the back cavity. Therefore, the calculation of the
impedance in a diffuse field by Eq. (4.28) would require the time-consuming calculation of
the impedance for a large number of incidence angles. As a more feasible alternative, the
impedance of the gap between the panels is here approximated by Eq. (2.38):
Zgap ½ 0 µ 5
jωρ0b ¼ 2
g
 
1 |
tanh
~
xs
}
j 
xs
}
j ¢ 
1
(4.29)
The factor 0.5 is due to the fact that, as seen from the front slit, there are two gap lengths b ¼ 2
in parallel. The perforate constant of the gap, xs, is given by Eq. (2.39), with w substituted by
g. The total, relative, specific impedance of the system is then given by
ζdp u β v·¶ £ ζair u β v
za
b

Zs w 2

Zgap

Zs w 1
¦
bcosβ
za

(4.30)
with Zs w i given by Eq. (4.10). Note that the slit length l i ¶ li ¶ t for i ¶ 1

2. The statistical
absorption coefficient is calculated by Eq. (4.28).
The model described here is intended to be an quick approximation, given the infeasibility
of the Finite Difference Method. For simplicity, the model does not include corrections for
end effects [see e. g. Cremer and Müller, 1978b, pp. 335-338].
4.4.2 Measurements and simulations
Dimensions of samples
Based on the results of the preceding sections, 25 full scale adjustable slitted panel absorbers
were produced. The basic design was the same as for the samples described in Sec. 4.3.2.
Figure 4.35 shows one of the panels. Table 4.11 summarizes the dimensions of the panels.
As shown in the figure, there are four sections of slits. Each section is 140 mm wide, with
8mm spacing. To keep the front and rear plates separated, five strips of adhesive tape were
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Figure 4.35: Sample of full scale adjustable slitted panel absorber. The panel is in the
“closed” state, and is seen from the front side. Barely visible are the screws used to fas-
ten the front plate to the rear plate and the supporting frame.
Table 4.11: Dimensions of full scale adjustable slitted panels. See Fig. 4.10 for definition of
symbols. The rear plate was 600  600 mm and the front plate was 594  600 mm.
Dimension Length (mm)
w 3
t 0.7
g 0.16
b 12
q 0, 3, 4, 5 and 6 for d ¶ 75mm
0, 3, 3.5, 4 and 6 for d ¶ 155 mm
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fastened to the rear plate between (and outside) the sections of slits. The tape was 0 µ 16mm
thick. Visual inspection showed that the plates were not completely plane, so the real, average
distance between the plates was probably significantly larger than this. The rear panel was
fastened with screws to a square frame of steel bars. To support the panel mechanically, there
was also one steel bar at the middle of the panel. The cross-section of the steel bars was
8  10mm. As shown in Fig. 4.35, the front plate was fastened to the back plate with screws
through short slits in the front plate. These slits were placed along the strips of tape.
Absorption coefficient measurements in reverberation room
The absorption coefficient of the panels was measured according to ISO 354 [1985] in a
standard reverberation room with volume 268 m3. See Fig. 4.36. To minimize the effect
of inaccuracies in the plate separation, the panels were laid with the front down, so that
the weight of the steel frame would help keep the plates together. This is equivalent to the
situation if the panels were mounted in a suspended ceiling. The panels were laid on T-profile
steel bars, which were fastened to a rectangular frame of wood. The height of the frame was
70mm. The total area of the setup was 3 µ 024 m  3 µ 072 m ¶ 9 µ 29m2, which is a little low
compared with the 10 – 12m2 that is suggested by ISO 354 [1985]. An extra frame, 80mm
high, was also made so that two different back cavity depths could be tested. Including the
thickness of the T-profile steel bars, the distance d from the panel to the floor was 75mm and
155 mm.
Two microphones were used in six positions in the room. The microphones used were
Brüel & Kjær type 4145. The absorption coefficient was measured in 1 ¼ 3 octave bands in the
range 100 – 5000 Hz.
Simulations
Double panels with dimensions as given in Table 4.11 were simulated by the model described
in Sec. 4.4.1. The number of discrete angles were M ¶ 45. As an attempt to find the real,
average gap width, several other values of the plate separation g were also simulated. The
value g ¶ 0 µ 25mm resulted in a good match with the measurements.
4.4.3 Results
Figure 4.37 shows the reverberation room measurements of the adjustable, slitted panel ab-
sorber. The effect of q is as expected (compare with Figs. 4.27 and 4.33). The maximum
absorption is lower than was expected, however. As noted above, this is probably due to that
fact that the average plate separation was significantly larger than 0 µ 16mm.
Figure 4.38 shows the measurements of the double panel absorber in the “closed” and
“open” states, compared to simulation by the model described in Sec. 4.4.1. Simulations
for the plate separation g ¶ 0 µ 25mm corresponds reasonably well with the measurements, at
least for d ¶ 75mm.
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Figure 4.36: Full scale adjustable slitted panels in the reverberation room. The panels were
laid face down on supporting T-profiles. The total area of the samples was 9 µ 29m2.
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Figure 4.37: Measurements of slitted double panels in a diffuse sound field. Absorption
coefficient as function of frequency for several values of q. See Table 4.11 for geometry
definitions. For the left graph, the curves correspond to slit separations q ¶ 0, 3, 4, 5 and
6mm. For the right graph, the curves correspond to q ¶ 0, 3, 3 µ 5, 4 and 6mm. Thicker lines
correspond to larger values of q.
4.5 Summary
The double panel absorber concept has been investigated by analytical, numerical and ex-
perimental methods. Two variants have been examined: one where the plates have circular
perforations, and one with slitted plates. It has been found that the double panel absorber
is practically insensitive to the plate thickness. The most important design parameters are
the thickness of the gap between the plates and the effective length of this gap, i. e. the dis-
tance between the panel openings of the two plates. With an optimal design, the double panel
absorber may have an absorption bandwidth equal to or better than MPPs.
The slitted variant was simpler to model than the perforated variant. Additionally, the
slitted double panel offered two distinct features that are not easily implemented with the
perforated variant, or with microperforated panels:
– Frequency shift. The resonance frequency f0 of the panel absorber can be shifted by
adjusting the lateral distance between the slits in the front and the rear plate. From the
simulations, it seems that at frequency shift of at least one octave is possible (at normal
sound incidence), while keeping the absorption coefficient at 0.7 or larger.
– Variation in absorption coefficient. Also by adjusting the lateral slit separation, the
absorption at resonance, α0 can be varied from almost unity to a value close to zero.
To achieve a reasonable absorption bandwidth, the gap width g has to be quite small, in
the range 0.1 – 0 µ 3mm. In this range, the sensitivity to variations in g is very large. The
method that has been used to keep g at a specified value is far from perfect. Thus, in the
design process precautions must be taken to ensure that the value of g is kept as constant as
possible.
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Figure 4.38: Simulations and measurements of slitted double panels in a diffuse sound field.
Absorption coefficient as function of frequency in “closed” and “open” states. See Table 4.11
for geometry definitions. , measurement, “closed”; , measurement, “open”; ² , simu-
lation, “closed”;

, simulation, “open”.
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Chapter 5
Conclusions
This thesis has presented my work with two new perforated panel designs.
The microhorn panel absorber is a microperforated panel where the traditional cylindrical
orifices have been shaped as small horns. The purposes of the horn-shape are to increase the
surface area associated with each opening, increase the particle velocity in the inner part of
the horn, and offer a better impedance match to the incoming sound wave. The microhorn
concept has been investigated by the use of three models; the Finite Difference Method, the
Finite Element Method, and an integration method based on the analytical expression for the
impedance of a tube. Only the results of the FDM could, to some degree, be considered as
qualitatively correct. According to these results, a relatively high absorption coefficient can
be obtained over a relatively large bandwidth for microhorns with large outer radius and small
inner radius. The microhorn absorber may have a potential as an “enhanced” microperforated
panel. However, the model needs to be refined to give more accurate predictions and to
evaluate the feasibility of the microhorn panel concept.
The double panel absorber consists of two parallel perforated or slitted plates separated by
a small distance. The main part of the sound energy dissipation takes place in the small gap
between the plates. The slitted variant is more easily modelled than the perforated variant,
and offers two special features. By moving the plates relative to each other in the lateral
direction, the maximum absorption coefficient can be adjusted from unity to almost zero, and
the resonance frequency can be adjusted by an octave (for normal sound incidence). There
are eight possible design parameters. FDM simulations and experiments on a number of
samples have shown that the most important parameters are the effective length and thickness
of the gap between the plates. The latter parameter is very sensitive. The plate thickness was
found to be practically insignificant. The measured and simulated absorption coefficients of
the double panel absorber have a bandwidth equivalent to, or slightly better than MPPs. To
be of practical use, however, the panel design has to be improved so that the distance between
the plates can be kept as constant as possible, and according to specifications.
Both panel absorber concepts illustrate that the distributed Helmholtz resonators without
porous absorbers may obtain an acceptable absorption bandwidth by optimizing the design
of the resonator orifices.
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Appendix A
Documentation of functions
The headers of all MATLAB-, Perl- and shell functions used in the modelling, measurements
and data analysis are presented here.
A.1 General functions
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